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ABSTRACT 
 
Food shelf-life extension is important not only to food manufacturers, but also to home 
refrigeration/freezing appliance companies, whose products affect food quality and food 
waste.  While freezing and refrigerating both extend the shelf life of foods, food quality 
deterioration continues regardless of the preservation method. Quality attributes of frozen 
Atlantic salmon (Salmo Salar) were analyzed at different freezing rates to core holding 
temperatures of -106°F/-77°C, -20°F/-29°C, 0°F/-18°C, 10°F/-12°C, and 20°F/-7°C.  
Quality measurements that were traced included total weight loss after freezing, thawing, 
and cooking, change in color and texture, freezing and thawing rates, as well ice crystal 
pore analysis.  The overall objective of the freezing study was to determine if freezing 
rates had measurable effects on food quality so that more energy efficient freezer 
temperature ranges could be used while also minimizing damage to food quality. Samples 
frozen at faster freezing rates had lower mass loss than samples frozen at higher freezing 
rates. Salmon frozen at higher freezing rates also had much lighter (L*) than samples 
frozen at slower freezing rates.  Color difference (∆E) decreased amongst frozen samples 
frozen at higher freezing rates when compared to a control frozen Atlantic salmon sample 
(change for new ∆E values).  Readings of maximum force from texture analysis also 
varied between frozen samples frozen at different rates based upon Muellenet-Owens 
razor shear blade and Warner-Bratzler shear force analysis.  Surface ice crystal pore size 
decreased with an increase in freezing rate in samples, while total number of pores 
increased with an increase freezing rate.  
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1. LITERATURE REVIEW  
 
1.1 Consumer Preference of Fish 
Consumer preference of product is vital within the fish industry, as fish intake has 
increased in developing, transitional, and industrialized countries in regions around the 
world. Since 1961 international fish intake has increased as fast at 3.6% per year (USDA, 
2010). Whether locally caught or distributed frozen, the health benefits of adding fish to 
the daily diet has impacted consumption (USDA 2010. One of the leading fish products is 
Atlantic salmon (Salmo Salar) partly due to research showing cardiovascular, cancer 
inhibiting, and joint protection benefits (Foran, 2005).  Atlantic salmon contains omega-3 
long chain fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 
some of which are essential nutrients for the body.  It is also a highly oily fish known to 
be low in mercury, similar to tuna, catfish, and cod (Foran, 2005).   As a result of these 
health implications, analyzing ways to maintain the quality of Atlantic salmon are vital in 
this and other fish industries (Bell, 2004).  
 Meat and fish quality are affected by preservation parameters, such as freezing 
rate and core freezing temperature. Freezing preserves quality allowing an expanded 
distribution range for raw foods.  Research into different freezing methods and their 
effect on quality are important to the food industry. Quality measures affected by freezing 
include changes in color, texture, water holding capacity, and intracellular/extracellular 
ice crystal growth effects on structure.  Faster freezing rates maintained structural quality 
and lowered chemical activity of Atlantic sea bass, Atlantic salmon, hake, chicken and 
other types of meat (Abdel-Kader, 1996, Syamaladevi, 2011, Chevalier, 2000, Woinet 
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1998, Barroso 1998, Alizadeh 2007, Ayala 2005). However, there was a threshold-
freezing rate after which an increase in freezing rate did not impact overall product 
quality during storage (Farouk, 2003).  Therefore, more research is needed to find a 
balance between maintaining food quality, while maximizing energy efficiency of 
household and commercial freezers. 
1.2 Fish Muscle Structure 
Fish have a distinctive muscle structure that immediately begins to degrade postmortem.  
Fish structure can vary based upon species, seasonality, maturity and living environment, 
but have a similar red and white muscle structure (Figure 1.1-1.2).  Fish muscle can be 
broken down into myotomes, which are separated by myocomma or myoseptum, which 
are types of connective tissue (Listrat, 2016).  There are red, white, and mosaic skeletal 
muscle groups, which all have different functions.  Red muscle represents around 30% of 
fish skeletal muscle and is the primary muscle type involved in highly aerobic activities, 
such as swimming.  Red muscles contain high levels of lipids and are sub sequentially 
subject to lipid oxidation, especially in fatty fish, such as Atlantic salmon.  
Trimethylamine oxides are also found within the red muscle that can be enzymatically or 
non-enzymatically degraded resulting in products, such as dimethylamine (DA) and 
formaldehyde (FA) (Benoit, 1944, Jebsen, 1978) White muscle makes up around 70% of 
fish muscle structure and is associated with anaerobic activity.  White muscle more 
readily reduces glycogen to lactic acid than other fiber types (Johnston, 1977). Finally, 
mosaic muscles are muscle locations in fish where mixtures of red and white muscle 
coexist. These areas in fish muscle are seen more frequently in fatty fish, such as Atlantic 
  3 
salmon.  Both the lipid oxidative capabilities of fish muscle and chemical side reactions 
between lipids and proteins causing protein aggregation and denaturation are linked to 
muscle structure activity within Atlantic salmon contributing to quality change during 
short and long-term storage (Santos-Yap, 1996).        
 
        
Figure 1.1: Salmon fish fillet in longitudinal section, beneath the skin, to present the W-
shape of myomere and the two muscle types (Listrat, 2016).  
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1.3 Quality Measurements Affected by Frozen Storage 
A major problem with food storage, whether refrigeration or freezing, is quality 
degradation.  Major physical and chemical attributes affected in fish are color, texture, 
enzymatic activity, lipid oxidation, and ice crystal structural damage.  Storage time, 
whether that is short or long term, affects these quality attributes in different ways.  Most 
studies on Atlantic salmon and other types of fish show more physical changes during 
freezing (short-term effects), such as weight loss, color change, and structural/texture 
changes as a result of ice crystal nucleation and growth (Ottestad, 2011, Zhu, 2004).  
During longer term storage physical attributes continue to slowly deteriorate, however, 
chemical characteristics such as enzymatic activity, lipid oxidation, and microbial growth 
become increasingly important factors affecting meat quality (Heldman, 1998, Strasburg, 
2008, Bahececi, 2005).  Because of the difference in quality that short and long-term 
freezing effects can have on products, studying both of these phases of freezing are 
necessary in determining the effects on Atlantic salmon.   
Water Holding Capacity 
Weight loss in fish is directly related to the water holding capacity of each fillet.  
Depending upon distribution and handling post mortem, water-holding capacity within 
fish can change overtime (Offer, 1988).  Weight loss during distribution and storage can 
be attributed to evaporation from freezing storage, as well as drip loss from thawed meat 
preparation.  Drip loss within meat contains water, but also water-soluble proteins, 
sarcoplasmic proteins (myoglobin), depleting the weight and therefore value of the meat 
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(Offer, 1988).  Drip loss increases when additional processing is preformed on fish, such 
as filleting or mincing.  To maintain water-holding capacity and deplete the opportunity 
for dehydration of meat, acid and salt treatments to adjust the pH and ionic strength 
between filament lattices within fish muscle.  As a result of acid and salt treatments, there 
is more room for water molecules to bind within muscle filament (Offer, 1988). Weight 
loss will be an important quality attribute to trace within Atlantic salmon within freezing, 
thawing, and cooking processes.          
Color 
Color or appearance is a physical attribute that can change during freezing resulting from 
deterioration at the food surface; although changes in pigment appearance can be due to 
both chemical and biological actions. Color can effect product perception without 
affecting nutrition or flavor (Santos-Yap, 1996). Different forms of color analysis of food 
products are available to predict consumer acceptance and track color changes in frozen 
products (Pomeranz, 1987). Fish appearance and color originates from meat-water 
binding properties and pigmentation within the skin or meat surface.  Depending on the 
fish species, pigmentation can be oxidized resulting in darkening or fading. Salmon meat 
has a pink pigmentation in its natural state and with freezing; the pink color tends to fade 
(Santos-Yap, 1996).  Ottestad et al. (2011) found that fading or increase in lightness is 
related to ice crystal formation during freezing.  Higher freezing rates form small, more 
numerous ice crystals within salmon, which then reflect light more intensely.  Slower 
freezing rates form larger and fewer ice crystals in salmon, resulting in light refraction 
and a darkening effect of the meat surface.  To analyze color changes in products the 
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International Commission of Illumination (CIE) proposed a universal method in 1931 to 
be used in analyzing color.  This method distinguishes color into three different 
tristimulus values.  More recently the Munsell system simplifies quantifying color even 
further through a multi-dimensional method.  L, a, b, h, and C readings can be quantified 
and compared (Figure 1.3).  L represents the overall lightness of a sample. The a value 
denotes redness or greenness in a sample, while the b value denotes yellowness and 
blueness. Hue (h) and Chroma (C) values are derived from a and b values with hue 
expressed in radians or degrees of the angle within the color space and chroma as a 
measure of intensity as distance from the achromatic center of the color space. Color 
analysis can indicate surface degradation of product and color difference value (ΔE) can 
be helpful in distinguishing the difference between storage treatments.  Equation 1 below 
shows the equation used to calculate color difference (∆E).  The number generated from 
this equation can be used as a comparative value against a control sample and utilizes L, 
a and b values to express sample color difference.  Studies on freezing Atlantic salmon 
and other varieties of fish have shown similar results with a relationship between freezing 
rate and color change (Alizadeh, 2007, Zhu, 2004).  Lightness values (L) are seen to 
increase with freezing rate, while a and b values tended to vary (Zhu, 2004, Alizadeh, 
2007). Zhu et al. (2004) studied how color difference (∆E) was affected by freezing rate 
more so than the freezing, thawing, or cooking methods.  
∆E*ab = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2       (Equation 1) 
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Figure 1.3: The Munsell color system relating how Lightness, Hue and 
Chroma relate to numerical values assigned (Munsell, 2016)  
Ice Crystallization 
 
Another effect of freezing foods is ice crystal nucleation and morphology.  Ice 
crystallization and recrystallization affect food structure and food texture.  There are 
three main steps to ice crystallization 1) nucleation of the crystalline lattice 2) crystal 
growth and continuation of ice crystal nucleation and 3) recrystallization (Hartel, 2001). 
Freezing rate affects crystal formation and uniformity.  Slow freezing leads to larger 
crystal formation in the extracellular areas of food products, especially within different 
species of meat and fish. Large crystals as well as small thermodynamically unstable 
crystals form during the nucleation process and any fluctuation in temperature after 
freezing causes ice to melt and refreeze, a process also known as recrystallization.  
Recrystallization during slow freezing causes larger, irregularly spherulite, ice spear-like 
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ice crystals to form.  The irregular and extracellular nature of crystals formed from 
recrystallization damages muscle structure, especially in meat and fish, as connective 
tissue surfaces deteriorate.  Rapid freezing results in ice nucleation within the 
intracellular areas of food products.  These ice crystals are smaller and more uniform, 
therefore creating a more structurally stable product (Petzold, 2009).  For example, 
different freezing rates affected cell wall structure in blueberries (Figure 1.4). Images “b” 
and “c” were both subjected to faster freezing methods as compared to images “a” and 
“d”, which were frozen raw and more slowly.  As a result of different freezing rates, 
especially shown in image “b”, there is less cell wall damage (Petzold, 2009). 
     
Figure 1.4: Effect of freezing rate on the microstructure of blueberries. Photo 
micrographs of parenquimatic tissue. a) fresh b) frozen by immersion in liquid nitrogen 
c)after cold plate freezing d) after static freezing at -18°C(-0.4°F). B and c are the two 
fast freezing methods (Marti, 1991).  
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 Sayamaladevi et al. (2012) found that temperature fluctuations and ice 
recrystallization damage occurs readily in Atlantic salmon muscle structure (Figure 1.5).  
Image “a” shows small ice crystals formed uniformly throughout the fish tissue directly 
after freezing.  Immediately after freezing, a sample would not be subjected to 
recrystallization due to temperature fluctuations, therefore resulting in smaller, more 
uniform ice crystal pores.  Images “b” and “c” represent samples exposed to an increase 
in their core temperature close to a glassy state and the onset temperature of ice crystals 
melting.  Image “b” has larger ice crystal pores that are still uniform as compared to 
image “a”.  This shows that samples are more structurally stable at a -27°C(-17°F) glassy 
state.  Image “c” shows the ice crystal pores growing larger and varying in uniformity, at 
a temperature range between -27°C(-17°F) and -17°C(1°F), which allows for ice crystals 
to melt and recrystallize.  Finally image “d” shows a sample when the temperature 
surpassed the onset temperature of ice crystal melting with the largest, most irregular ice 
crystal pores from the whole study.  Temperatures above -17°C(1°F) did not provide the 
most ideal atmosphere for Atlantic salmon during long-term storage.  This study shows 
the physical damage that can occur to samples frozen to different core temperatures, an 
area where increased research is needed in the frozen products industry (Sayamaladevi, 
2012). 
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Figure 1.5:  Environmental scanning electron microscopy of freeze-dried salmon.  
Before freeze drying, frozen salmon was subjected to state transitions during 4 weeks 
storage. A) Immediately after freezing, b) T<-27°C(-17°F) c) -27°C(-17°F) < T < 
17°C(1°F) d) T > 17°C(1°F)  (Syamaladevi 2012). 
 
 Sign (2001) sounds that thawing allows intracellular water to become 
permanently extracellular; thus incurring greater cell wall or muscle damage during 
freezing will increase water relocation during thawing.  Measuring ice crystal pore 
damage is a good indicator of structural damage imposed by freezing foods.  After 
samples are frozen they can be subjected to freeze-drying, freeze concentration, or free 
substitution to isolate the pores left behind by ice crystal growth (Chevalier, 2000).  
Freeze drying has proven to be an effective method although it is slower and more 
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expensive than others methods, mainly because ice crystals are vaporized leaving behind 
a physical pore that emulates the ice crystal’s shape  (Petzold, 2009). After the pore has 
been stabilized different techniques can be used to examine pore morphology.  Arnaud 
1998 used optical microscopy to study pore structure and size in ice cream.  Fractal, 
environmental scanning electron microscopy, CT X-ray, and cold stage scanning electron 
microscopic analysis techniques have been used on different types of fish including 
Atlantic salmon and sea bass (Chevalier, 2000, Petzold, 2009, Syamaladevi, 2012).  With 
all of these techniques micrograph images can be used to quantify and qualify ice crystal 
frequency and size.  These studies support the objective of the current research; as 
increasingly more evidence needs to be collected about different freezing rates and how 
they affect the physical integrity of Atlantic salmon.   
Texture   
As a result of ice crystal growth and recrystallization, another quality parameter 
that is compromised in fish is texture.  Alizadeh et al. (2007) found that freezing storage 
affects texture quality in Atlantic salmon fillets more than thawing techniques. They 
found that control of pressure and temperature affected ice crystal growth and 
distribution.  Toughness is related to protein and fat content and properties within fish 
meat.  Texture analysis of fish meat differs from other meat types because of variability 
in muscle structure (Listrat, 2016).  There are also added variables such a species, 
composition, seasonality that make texture a more challenging attribute to measure.  
However, trends such as higher resistance and toughness in fish that are in frozen storage 
for extended periods of time at higher temperatures have been established (Barroso, 
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1998). Texture changes during frozen storage have also been directly linked to protein 
denaturation within fish (Shenouda, 1980). Salt-water fish, such as Atlantic salmon, may 
contain higher levels of trimethylamine oxides (TMAO) within red muscle as compared 
to fresh water fish (Yamada, 1967). TMAO degrades in the presence of TMAase, an 
enzyme located within fat tissue.  The products dimethylamine and formaldehyde are 
then susceptible to form both intra- and intermolecular crosslinks with protein side chains 
(Jebson, 1978). The aggregation of these cross linkages causes toughness in fish 
(Alizadeh, 2007).  Slow freezing could also cause for a tougher sample, as larger ice 
crystals tend to break down protein structure within fish (Santos-Yap 1996).   
 Different texture analyses methods include the Kramer Shear Cell method, 
Warner-Bratzler shear cell method; puncture test, and texture profile analysis (TPA).  
Each of these methods uses a blade or probe to measure a maximum force for food 
samples.  The Kramer Shear and puncture method can test multiple locations per sample 
unlike the Warner-Bratzler and TPA methods, which only allow for one or two maximum 
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2. FREEZING ATLANTIC SALMON AT DIFFERENT TEMPERATURES 
2.1 Introduction 
Different forms of preservation have become available to fish industries.  Freezing fish is 
an efficient way to store and distribute high quality seafood products.  There have been 
numerous studies reporting the long-term impact of freezing fish on a commercial scale 
(Abdel-Kader, 1996, Syamaladevi, 2011, Chevalier, 2000, Woinet, 1998). Freezing rate 
can be controlled by the base temperature of the freezer as well as airflow rate and 
freezing medium. Commercial freezing methods such as high pressure and air blast 
freezing have been used to supercool food products to maintain high standards of quality.  
Air blast freezing uses low temperatures ranging between -30°C(-22°F) and -52°C(-62°F) 
and air speed, regulated by internal fans, to freeze products over a 24 to 48 hour time 
period (Alizadeh, 2007, Dempsey, 2012).  Pressure shift freezing depresses the freezing 
point of water, allowing for ice crystallization to occur at lower temperatures.  Ice crystal 
nucleation occurs most readily in intracellular regions of food products as a result of the 
rapid growth that occurs once these sub cooling temperatures are reached (Petzold, 2009).  
High pressure freezing and thawing reduces quality loss in food storage and is at the 
forefront of commercial storage research (Alizadeh, 2007).  Faster freezing rates maintain 
physical and chemical quality attributes within different types of fish such as Atlantic sea 
bass, Atlantic salmon, and hake (Zhu, 2004, Ayala, 2004, Sanchez-Valencia, 2014).  
Longer term freezing storage contributes to chemically induced quality loss in color, 
texture, structure, and microbial activity (Heldman, 1998, Strasburg, 2008, Bahececi, 
2005).  However, there is a threshold where the energy efficiency related to lower 
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temperatures provides a diminishing rate of return on product quality (Farouk, 2003).  
Research for freezing fish and other forms of meat has focused on commercial freezing 
using rapid and low temperature freezing, therefore examining differences in quality 
deterioration at the higher temperatures used in consumer home freezers is an important 
field to research.  The purpose of this study was to examine freezing effects at the 
consumer level, ie home freezer conditions.  The average consumer household freezer 
operates at a temperature of -18°C(0°F) or slightly colder temperatures to remain 
compliant with the Code of Federal Residency (United States Department of Agriculture, 
1996). In this short-term freezing study, Atlantic salmon was subjected to five different 
freezing temperatures/rates to test the overall difference in fish quality between samples 
frozen to the same core temperature at different freezing rates.  This will help elucidate 
optimal temperatures for consumer freezers supporting minimum energy use while 
maintaining a high quality frozen product.  
2.2 MATERIALS 
Sample Preparation 
Four to six pound fresh Atlantic salmon (Salmo Salar) fillets that were caught, skinned, 
and stored raw 6-8 days preceding the test were purchased from The Fresh Market in 
Greenville, South Carolina, wrapped in sealed plastic bags, and stored ice overnight until 
treatment (freezer temperature/final sample core temperature) preparation (1:1 ice:salmon 
ratio).  Fillets were then sliced into 35 different 12x8x5cm, 77-82g samples.  Between 
these 35 different salmon samples 15 samples were randomly selected for physical 
analyses, such as percent weight loss (freeze loss, thaw loss, and cook loss), color, and 
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texture measurements.  Another 15 samples were selected for surface and core ice crystal 
damage analysis using a scanning electron microscopy.  The remaining 5 samples were 
dedicated to measure core temperature in each freezer using T-type thermocouples as a 
reference sample through the duration of the test.  To maintain consistency between 
treatments, salmon samples that were used for physical analysis were cut from the loin 
and belly area of the same fish, while those samples used for ice crystal pore damage 
were cut from the top loin area of the same fish.  The objective of these methods was to 
reduce variability in structure between samples.  All of the salmon samples were sliced, 
trimmed and bagged in “medium size” Nasco Whirl Pak bags (Fort Atkinson, 
Wisconsin).  Salmon samples were stored at 5°C(41°F) until the test was initiated.  
2.3 METHODS 
Sampling Test Plan Process 
In Table 2.1, each “x” represents the core temperature at which samples were removed 
for analysis for each freezer temperature.  
Table 2.1: Sample selection method. Each “x” represents two samples, a physical 
analysis sample (A) and ice crystal pore analysis sample (S). 
   
The flow of salmon samples from each freezer to their respected internal temperature 
holding freezers differs between treatments (Figure 2.1).  The -7°C(20°F) freezer began 
 Temperature samples removed (°C/°F) 
Freezer Temperature (°C/°F) -7(20) -12(10) -18(0) -29(-20) -77(-106) 
-7(20) x     
-12(10) x x    
-18(0) x x x   
-29(-20) x x x x  
-77(-106) x x x x x 
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with 3 samples, one physical analysis sample and one SEM analysis sample both being 
frozen to an internal temperature of -7°C(20°F)  and a core-temperature monitoring 
sample.  Each other temperature freezer started with a physical analysis and SEM sample 
for each target core temperature and on additional core temperature monitoring sample. 
Therefore the -12°C(10°F), -18°C(0°F),  -29°C(-20°F) and the -77°C(-106°F) freezers 
started with 5, 7, 9 and 11 samples, respectively.  
  Salmon samples removed from each freezer at each endpoint temperature [-
7°C(20°F), -12°C(10°F), 0°F/-18°C, -29°C(-20°F), -77°C(-106°F)] were then held for 24 
hours at that same endpoint temperature until further testing. For example, the -
7°C(20°F) freezer contained ten treatments for analysis, five SEM analysis samples and 
five physical analysis samples, all frozen to an internal temperature of -7°C(20°F) at five 
different freezing rates.  After all samples had reached their designated endpoint core 
temperatures, there were 30 different samples, 28 that were stored at the 4 higher target 
core temperatures in Electrolux Energy Star Kenmore Elite MFGD Model 253.27002411 
units (serial no. WB53762824, WB53762823, WB553762822, WB53762650 Charlotte, 
North Carolina) and two samples stored at -77°C(-106°F in a Haier Ultra Low 
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Figure 2.1: Flow chart representing the salmon test flow from each freezer to the samples 
at endpoint holding temperatures.  
  
Weight Loss Analysis  
Percent weight loss was analyzed on 15 total treatments by weighing on a Mettler Toledo 
PB3002 scale (Langacher Greifensee, Switzerland).  The raw salmon sample was 
weighed before each salmon sample was placed into their respective freezers and then 
again after freezing, thawing and cooking. The treatments were thawed by water 
submersion to an average internal temperature of 10°C(50°F) and cooked by water 
immersion. Samples were equilibrated to an internal temperature of 49°C(120°F) after 
cooking before weighing.  A total percent weight loss was determined based upon that 
Raw Salmon 
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sum of percent freeze loss, percent thaw loss, and percent cook loss (Table B1-B3 in 
Appendix B). Freeze loss was relative to the raw salmon sample, thaw loss was relative to 
the frozen treatment, and cook loss was relative to the thawed treatment.  
Thawing Process 
The 15 frozen physical analysis samples (per replication) were repackaged in vacuum 
sealed bags using a Koch UV 250 vacuum pack sealer (Kansas City, Missouri) and 
placed into a temperature controlled 25°C(77°F) Precision Microprocessor Controlled 
280 Series water bath (Winchester, Virginia) to thaw frozen samples. A core temperature 
of 10°C(50°F) was reached and each treatment was removed from the water baths, 
reweighed, repackaged in vacuum seal bags and stored in a 5°C(41°F) refrigerator 
overnight (Table B2 in Appendix B).   
Cooking Process 
Water immersion cooking (WIC) was used to cook each treatment (Precision 
Microprocessor Controlled 280 Series water bath, (Winchester, Virginia).  Before WIC 
the internal temperature of each treatment was equilibrated to 6°C(43.5°F).  For 
replication 1 and 2 of the study, treatments were placed in a 80°C(176°F) water bath for 
11 minutes.  Based upon a pretesting the treatments took an average of 11 minutes to 
reach the target internal temperature of 54°C(130°F).  For replication 3 of the study, 
samples were placed in a 80°C(176°F) water bath for 6 minutes.  The average internal 
temperature reached was 35°C(95.6°F) between these samples.  Replication 3 cooking 
time was altered in attempt to improve texture analysis results as previous replications 
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had high variability among samples with the same treatments. Each treatment was then 
reweighed and stored in aluminum foil until texture analysis (Table B3 in Appendix B).  
Color Analysis 
Color was measured on raw and frozen salmon samples using a Minolta Colorimeter with 
a DP-400 data processor and CM-400 Chroma Meter (Minolta, Colorado). Color analysis 
for frozen treatments was performed directly after weighing analysis.  Plastic wrap was 
used to cover the treatments during color readings to protect the chroma meter. The 
influence of the plastic wrap on color was accounted for during calibration.  In addition to 
collecting L, a, b, C, and h values, ΔEab was calculated in relation to the difference 
between the raw sample and the frozen treatments (Table B4-B6 in Appendix B).  
Texture Analysis  
Texture analysis was conducted on cooked treatments using a TA XT plus TA-90 
Texture Analyzer interfaced with Exponent Stable Microsystems Version 6,1,1,0 
software (Scarsdale, New York) used to calculate the maximum force for each treatment.  
A Muellenet-Owens razor shear blade method was used with a test speed of 5 mm/sec, 
post test speed of 10 mm/sec, target mode of distance, distance of 15 mm, trigger type of 
auto(force), and a trigger force of 10 g.  The instrument was calibrated with a 2000g-
weight calibration.  The height was calibrated on the instrument to a return distance of 30 
mm, return speed of 10 mm/sec, and a minimum touch of 1g.  Four measurements at 
different entry points were made for each sample during the razor-blade shear test.  A 
Warner-Bratzler method was also conducted on one replicaiton. This method was 
conducted using the same texture analysis settings.  Based upon previous studies (A, 
  23 
Barroso, 1998), different texture methods were used in this research to gather texture data 
(Table B7-B9 in Appendix B). 
Freeze Drying Process 
The 15 samples (per replication) used for ice crystal damage analysis were freeze-dried 
(Labconco Lyph-lock 6 Freeze Dry System, Kansas City, Missouri) for five days to 
remove moisture and stabilize ice crystal pores. Freeze drying was achieved under a 
condenser temperature range of -44°C(-42°F) to -48°C(-44°F) and a vacuum pressure 
range of 50x10-3- 500 x 10-3 Millibars.  A fairly constant temperature and pressure was 
maintained, so as to preserve the physical integrity of the ice crystal pores formed during 
the freeze-drying process.  Treatments were removed from the freeze dryer after five days 
and stored in a 5°C(41°F) refrigerator overnight before microscopy analysis.   
S3400N Scanning Electron Microscopy 
The surface and core areas of the 15 freeze-dried treatments were analyzed with a S-
3400N Variable-Pressure Scanning Electron Microscope (VP-SEM) (Hitachi High-
Technologies Corporation, Clarksburg, Maryland).  The microscope was used to capture 
micrograph images of pores that are comparable to ice crystals formed within the tissue 
during freezing.  As a non-conductive, bulk sample, freeze-dried salmon required this 
specific type of microscope.  Treatments were first subjected to surface ice crystal 
damage analysis and then sliced in half to observe core ice crystal damage analysis.  The 
instrument was set to a BSE detector setting with an accelerating voltage of 20 kV and a 
chamber pressure of 40 Pa. Micrograph images were stored in the Quartz PCI Database 
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of the Advanced Materials Research Lab under Clemson University (Figure 2.13, Figure 
C1-C10 in Appendix C).  
ImageJ Ice Crystal Pore Size Analysis 
Image J 1.50i was created by Wayne Rasband and the National Institutes of Health.  This 
software was used to quantify ice crystal pore damage of the micrograph images obtained 
from the S-3400N Variable-Pressure Scanning Electron Microscope.  Each image was set 
to a scale of known distance of 500 um, distance in pixels of 500, and a pixel aspect ratio 
of 1.0.  Data gathered included area, area faction, and a fit ellipse, each to a decimal place 
of 3.  Each pore was analyzed based upon pore size from 50 um2 to infinity and 
circularity from 0 to 1.0.  Based upon these settings, the software produced a total pore 
count, total pore area, average pore size, percent area, major and minor axes values, and 
pore angle data (Table B12-B16 in Appendix B). 
Statistical Analysis  
Freezing treatments was randomly assigned to the salmon samples using a completely 
randomized design. The experiment was replicated 3 times on different days using 
different salmon meat except for core pore analysis which was replicated 2 times.  The 
data were analyzed using a one-way analysis of variance (ANOVA) and statistical 
significance was at the 5% level. For analyses where freezing had a significant treatment 
effect (P≤0.05) significant differences were determined using multiple comparison tests; 
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2.4 RESULTS AND DISCUSSION 
Freezing Rate Analysis 
Similar to results reported by Chevalier (2000), freezing times decreased and freezing 
rates increased with each decrease in freezer temperature environment (Table 2.2, Table 
B10, B17 in Appendix B, Figure 2.2).  
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Figure 2.2: Average freezing times for treatments frozen at different freezing rates 
(freezer temperature environment) to the same core temperatures  
20(20) +/-2.52 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-0.27 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-0.31 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
  -20(20) +/-0.57 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-0.03 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
10(10) +/-0.60 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-0.36 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).   
-20(10) +/-0.59 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-0.04 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-1.71 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-20(0) +/-0.64 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-0.01 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) +/-1.71 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F).  
 -106(-20) +/-0.03 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F).  
 -106(-106) +/-0.13 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of --
77°C(-106°F). 




























Frozen to 20°F 
Frozen to 10°F 
Frozen to 0 °F 
Frozen to  
-20°F 
  27 
 
Significant differences in freezing times were found between most freezer temperatures 
that were frozen to the same core temperature (Figure 2.2 and Table 2.2). Although 
freezing time could have been affected by door opening during transferring samples to 
freezers or temperature cycling, all samples were treated the same therefore differences in 
freezing time were primarily due to freezer temperature.  Each freezer had a different 
temperature cycling ranges depending on the base temperature of the unit (Figure’s B1-
B4 in Appendix B).  For the -7°C(20°F), -12°C(10°F), -18°C(0°F) and  -29°C(-20°F) 
units; cycling ranges were from 10-12°C ( 15-23°F). Since the -77°C(-106°F) unit was an 
ultra-low temperature unit, temperature cycling effects were negligible.  Neither samples 
in the -29°C(-20°F) unit frozen to core temperatures of -7°C(20°F), -12°C(10°F), and -
18°C(0°F) nor samples in the -18°C(0°F) unit frozen to core temperatures of -12°C(10°F) 
and -7°C(20°F) differed in freezing times (Figure 2.2).  Samples frozen in the -77°C(-
106°F) unit to core temperatures of -7°C(20°F), -12°C(10°F), -18°C(0°F), -29°C(-20°F), 
and -77°C(-106°F) all had  freezing times that did not differ (Figure 2.2).  Freezing rate 
and time are important in this study since they relate to salmon quality and freezer energy 
consumption.  Yearly energy consumption for freezer’s increases with decreasing set 
temperatures (Figure 2.2).  There appears to be a linear inverse relationship between 
freezer temperature and energy consumption from -7°C(20°F) to -29°C(-20°F) occurs, 
therefore minimizing energy consumption is directly related to changing freezer 
temperature.  The    -18°C(0°F) setting is the highest temperature a refrigerated storage 
unit can be set to be labeled as a consumer freezer unit (10CFR431.62).  Treatments 
frozen in the -18°C(0°F), -29°C(-20°F), and -77°C(-106°F) units had the lowest freezing 
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times and the highest freezing rates during the study (Table 2.2).  As -77°C(-106°F) is not 
a feasible temperature for a consumer freezer unit, a temperature range between -
18°C(0°F) and -29°C(-20°F) may be ideal to minimize freezing time and yearly energy 
consumption within fish.  
Table 2.2: Average freezing time difference values and freezing rates between treatments 
frozen at the same freezing rate to different core temperatures (p≤0.05, n=3). 
A-B. Treatments with different letters are significantly different 
Test Sample 
Freezing 
Time (hours)  
Freezing Rate 
(°F/hour) 
  20°F (20°F) 24.26 1.24 
     
  10°F (10°F) 9.53A 4.2 
  10°F (20°F) 5.55B 5.4 
     
 0°F (0°F) 7.05A 	7.09 
  0°F (10°F) 3.55B 11.27 
 0°F (20°F) 3.16B 9.49 
     
  -20°F (-20°F) 6.33A 11.06 
  -20°F (0°F) 3.29B 	15.2 
  -20°F (10°F) 3.17B 12.62 
  -20°F (20°F) 2.48B 12.1 
     
 -106°F (-106°F) 2.10 	74.29 
  -106°F (-20°F) 1.03 67.96 
  -106°F (0°F) 0.55 90.91 
  -106°F (10°F) 0.51 	78.43 
  -106°F (20°F) 0.43 69.77 
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Figure 2.3: Average yearly energy consumption for freezer units set to different 
temperature ranges (Hall, D. 2016. Personal communication. Electrolux Corporation, 
Anderson SC).  
  
The time food takes to freeze contributes to quality loss as freezing initiates structural 
damage resulting in changes in color, texture, and physical properties.  Once food is 
frozen quality deterioration slows and lower holding temperatures slow chemical and 
biological deteriorative reactions more (Petzold 2009).  Therefore, minimizing freezing 
time will control ice crystal nucleation, surface oil oxidation, and internal protein 
denaturation maintaining quality (Santos-Yap 1996). By using different freezer 
temperatures, different freezing rates and freezing times were achieved in this study.  
Studies similar to this include Chevalier et al. (2000) who used air blast and brine 
freezing to study ice crystallization in protein gels.  In the current study, the temperature 
drop in higher temperature freezers, such as the -7°C(20°F) and -12°C(10°F) took longer 
y = 24.2x + 454.4 
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than in -18°C(0°F), -29°C(-20°F), and -77°C(-106°F) units.  Once the core temperature 
nears -18°C(0°F) the rate of temperature drop slows as the water molecules in salmon 
begin to freeze into a glassy state (Syamaladevi 2011).  Tracing freezing rate effects in 
household freezers is important to minimize energy consumption while maintaining food 
quality. 
Freeze and Thaw Weight Loss Analysis 
Similar to the findings of Alizadeh, (2007) and Petzold (2009), freeze and thaw weight 
loss for salmon samples decreased with increasing freezing rates (Figure 2.4, Figure B1-
B3 in Appendix B). Treatments with lower freezing rates frozen to higher core 
temperatures had higher variation in freeze loss compared to higher freezing rate 
treatments frozen to lower core temperatures (Figure 2.5). For samples frozen in -77°C(-
106°F) and -29°C(-20°F) units, salmon retained more moisture during freezing, reflecting 
less water being lost from within muscle tissue (Figure 2.4, 2.5). Specific treatments (-
20°F(-20°F)) had more variation than other samples placed in the same temperature units 
(Figure 2.5).   
Similar to freeze loss, thaw loss for salmon samples decreased with increasing freezing 
rate (Figure 2.4, Figure B1-B3 in Appendix B). As with freezing loss, treatments with 
lower freezing rates frozen to higher core temperatures had higher variation in thaw loss 
(Figure 2.6). Again some specific treatments showed higher variation in thaw loss, which 
strayed from this trend, (-20°F(0°F) (Figure, 2.6).  
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Figure 2.4: Average freeze and thaw loss profile for Atlantic salmon treatments frozen at 
different freezing rates to the same core temperatures. 
20(20) +/-0.21, 0.50 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-0.22, 0.29 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-0.17, 0.46 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
7°C(20°F). 
-20(20) +/-0.12, 0.23 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-0.10, 0.17 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
10(10) +/-0.36, corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-0.16, 0.35 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).   
-20(10) +/-0.14, 0.25 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-0.11, 0.10 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-0.10, 0.10 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
18°C(0°F).   
-20(0) +/-0.15, 0.39 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-0.05, 0.17 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -
18°C(0°F)..   
-20(-20) +/-0.27, 0.14 71 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature 
of --29°C(-20°F).  
 -106(-20) +/-0.11, 0.10 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of 
-29°C(-20°F).  
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A-D Treatments with different letters are significantly different  (A26-A27 in Appendix A) (P≤0.05). n=3. 
 
Figure 2.5 Distribution of freeze loss for samples frozen at the same freezing rate to 
different core temperatures (P≤0.05, n=3) 
2020 +/-0.21 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
1020 +/-0.22 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 020 +/-0.17 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/-0.12 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -10620 +/-0.10 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
1010 +/-0.36 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
010 +/-0.16 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
-2010 +/-0.14 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -10610 +/-0.11 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/-0.10 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-200 +/-0.15 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
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-20-20 +/-0.27 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --29°C(-
20°F).  
 -106-20 +/-0.11 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-
20°F).  




Figure 2.6 Distribution of thaw loss for samples frozen at the same freezing rate to 
different core temperatures (P≤0.05, n=3) 
2020 +/- 0.50 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
1020 +/- 0.29 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 020 +/- 0.46 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/- 0.23 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -10620 +/- 0.17 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
1010 +/-0.36 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
010 +/-0.35 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
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 -10610 +/- 0.10 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/- 0.10 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-200 +/- 0.39 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-1060 +/-0.17 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F)..   
-20-20 +/- 0.14 71 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F).  
 -106-20 +/-0.10 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-
20°F).  
 -106-106 +/-0.18 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F). 
 Weight loss within frozen and thawed salmon samples occurred because of 
damaged induced by ice crystal growth during the freezing process (Alizadeh, 2007).  
There hasn’t been extensive research on freeze loss specifically as a quality measure in 
weight loss analysis, as drip loss (thaw/cook loss) is more common.  However, with ice 
crystal pore morphology studies, the freezing process transfers freestanding water 
molecules into a uniform crystal lattice unit (Syamaladevi, 2012).  As a result, Atlantic 
salmon or other fish frozen at higher freezing rates freeze more quickly and retain 
structural integrity in the intracellular muscle structure since more and smaller ice 
crystals are formed.  There is less likelihood of freestanding or thermodynamically 
unstable water/ice molecules.  Salmon placed in higher temperatures freezers, freeze 
more slowly, and as a result accrue a larger, less uniform ice crystals.  As ice crystals 
form in extracellular and intracellular areas around fish muscle structure, cell membrane 
damage causes less water to be bound within the muscle structure (Syamaladevi, 2012).  
 Thawing can further damage meat structure and is when the damage from slow 
freezing manifests itself. During thawing ice crystals melt, and if formed intracellularly 
or around muscle tissue, moisture would remain within the fish.  However, samples with 
cell membrane damage cannot retain unbound moisture (Petzold 2009).  Alizadeh et. al 
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(2007) found that air blast freezing caused greater drip loss in Atlantic salmon compared 
to faster freezing methods such as pressure shift freezing.  Muscle fiber shrinkage will 
also cause higher drip loss during freezing, which occurred in salmon samples frozen 
more slowly (Einen, 2002).  When water is frozen slowly and unbound from muscle 
structure, muscle fibers retract due to dehydration of concentrated proteins and minerals 
(Sikorski, 1976).  Unlike with pork as reported by Ngapo et. al (1999), salmon freeze and 
thaw loss was statistically different between treatment samples during freezing/thawing.  
Future research with long-term storage of salmon treatments could find larger differences 
between test treatments (Table B26-B27 in Appendix B). 
Cooking Loss  
Salmon was cooked for 11 minutes in the first two replications and cooked for 6 minutes 
in the third replication in an attempt to yield better trends in the texture analyses. Thus, 
cooking loss rates for replication 1 and 2 were pooled with replication 3 being reported 
separately (Figure 2.7, Figure B1-B2 in Appendix B).  Cooking loss for treatments were 
not significantly different for treatments frozen at the same freezing rates to different core 
temperatures or for treatments frozen to the same core temperature at different freezing 
rates (Figure 2.7, 2.8).  However, there was a higher range of moisture loss seen in 
treatments -106°F(-106°F), -106°F(-20°F), -106°F(0°F), and -106°F(10°F) which may be 
related to lower freeze and thaw losses for these treatments in comparison to other 
treatments in the study (Figure 2.8).   
Kong et al. (2008) found that in comparison to cooked chicken, cooked salmon had a 
higher moisture content, lower muscle fiber shrinkage, and lower cook losses when 
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frozen at -31°C(-24°F), thawed, and then cooked for different time increments at 
121.1°C(250°F).  This study implies that although salmon is higher in moisture content 
than chicken, when cooked, it retains more water within its muscle structure. Since the 
salmon frozen at lower temperatures retained more water during freezing and thawing, 
there was more water to be lost in these samples during cooking. However, in this study 
there was no statistical difference in cook loss between samples frozen at different rates 
to different core temperatures (Figure 2.7).   
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Figure 2.7 Average cook loss weight data for replications 1 and 2 of different treatments 
frozen to the same core temperature at different freezing rates. 
20(20) +/-0.40 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-0.23 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-0.26 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
  -20(20) +/-0.20 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-0.21 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
10(10) +/-0.54 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-0.11 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).    
-20(10) +/-0.22 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-0.77 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-1.71 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).  
-20(0) +/-0.64 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-0.01 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).  
-20(-20) +/-0.96 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
 -106(-20) +/-1.73 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 
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Figure 2.8 Distribution of cook loss for samples frozen at the same freezing rate to 
different core temperatures (P>0.05, n=2). 
2020 +/-0.40 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
1020 +/-0.23 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 020 +/-0.26 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/-0.20 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-10620 +/-0.21 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -7°C(20°F).   
1010 +/-0.54 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
010 +/-0.11 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).    
-2010 +/-0.22 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -10610 +/-0.77 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/-1.71 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).  
-200 +/-0.64 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-1060 +/-0.01 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).  
-20-20 +/-0.96 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --29°C(-
20°F). 
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 -106-106 +/-0.88 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F). 
 
Color Analysis (L Value)  
Previous studies have linked change in color (∆E) and lightness (L) to freezing rate and 
fish quality (Santos-Yap, 2016, Zhu, 2004).  Lightness (L) was higher for salmon frozen 
at higher freezing rates in treatments frozen to the same core temperature (Table B19 in 
Appendix B, Table 2.9).  The variation in L values within treatments was lower at the 
higher freezing rates compared to lower rates (Figure 2.10). As with freeze and thaw loss, 
studies have shown a relationship between salmon lightness and ice crystal formation. 
Ottestad et. al. (2011) reported that salmon frozen at -80°C(-112°F) and -40°C(-40°F) 
had smaller ice crystal pores and higher L values compared to salmon frozen at -20°C(-
4°F). Ottestad et al. (2011) also concluded that the increase in surface lightness between 
samples was a result of greater light reflection by the increased number of small ice 
crystals.  Salmon samples frozen more slowly (i.e. -4°F/-20°C) had lower L values 
because of the larger surface ice crystals formed, which caused scattering and refraction 
of light.  A similar trend was seen in the current study between L values and increased 
freezing rate for Atlantic salmon.   
 An average L value was taken of raw Atlantic salmon before freezing to be used 
as a control value (L*=49.248).  Samples 20°F(20°F) and 10°F(20°F) had L values lower 
than the control sample, indicating muscle structure damage due to irregular, large ice 
crystal nucleation and growth, which affected salmon surface appearance (L*=45.35, 
48.42).  
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Figure 2.9: Average Lightness (L) color data for salmon treatments frozen at different 
rates to the same core temperatures. 
20(20) +/-2.52 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-0.27 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
0(20) +/-0.31 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-1.04 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-106(20) +/-1.86 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F). 
10(10) +/-0.89 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).    
0(10) +/-0.23 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).   
-20(10) +/-2.05 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-2.07 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-0.70 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).    
-20(0) +/-0.76 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-0.95 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).     
-20(-20) +/-1.76 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
 -106(-20) +/-1.47 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 





























  41 
A-D. Treatments with different letters are significantly different (P≤0.05). n=3. 
 
 
Figure 2.10: Distribution of Lightness values for frozen samples frozen at the same 
freezing rate to different core temperatures (P≤0.05, n=3) 
2020 +/-2.52 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
1020 +/-0.27 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
020 +/-0.31 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/-1.04 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-10620 +/-1.86 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -7°C(20°F). 
1010 +/-0.89 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).    
010 +/-0.23 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
-2010 +/-2.05 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -10610 +/-2.07 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/-0.70 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).    
-200 +/-0.76 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
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-20-20 +/-1.76 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --29°C(-
20°F). 
 -106-20 +/-1.47 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-
20°F). 
 -106-106 +/-1.66 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F). 
 
Color Analysis (∆E value) 
Calculated color change values (∆E) reflect overall color differences between a set of 
treatments based on perceivable differences (Zhu 2004).  Salmon samples exposed to 
different freezing treatments were compared to a treatment frozen in the -77°C(-106°F) 
freezer to a core temperature of -77°C(-106°F) (control) using ∆E values (Figure 2.11 
and Tables B20 in Appendix B).  ∆E values correspond to a universal color difference 
meaning (Table 2.3).  ∆E had little difference in variation within treatments frozen with 
the same freezing rate to different core temperatures, however variation in ∆E 
measurements did increase in treatments with decreasing freezing rates (Figure 2.11, 
2.12).  
Table 2.3: Color change values with their universal meaning and each treatment 

























 All treatments were associated with having “a very obvious difference” from the 
control sample except for treatment -106°F(-20°F), which only had an obvious 
difference.  It is important to note that color measurements on frozen treatments were 
taken on the frozen samples without thawing. In retrospect, measure of color on thawed 
samples would allow direct comparison of the raw meat to thawed meat. Treatment 
20°F(20°F), which had the highest ∆E value, was the sample frozen at the lowest rate to 
the highest core temperature and proved to have the lowest L value which was even 
lower than a raw Atlantic salmon sample. As stated earlier, Ottestad et al. (2011) 
associated smaller ice crystal size with increased salmon lightness and as we will see later 
with pore analysis, the treatment 20°F(20°F) had the largest average ice crystal pore size 
and also a darker appearance (Figure 2.16) Color change during freezing can be attributed 
to quality preservation and deterioration depending on freezing rates.  These results 
support the conclusion that rapid freezing of fish maintains surface quality, whereas fish 
frozen more slowly promotes physical ice crystal deterioration of fish surface (Sharma, 
2004, Ottestad, 2011, Syamaladevi, 2011). 
 Decreasing stepwise statistical differences between ∆E values were seen in most 
treatments with higher freezing rates (Figure 2.11).  Treatments frozen at higher freezing 
rates had less color differences as compared to the control -106°F(-106°F) treatment, 
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therefore supporting higher crystal structural stability (Figure 2.11).  All treatments had 
relative low variability (Figure 2.12).  Further research should look into color analysis 
differences between thawed and cooked samples as compared to raw samples after long 
term freezing, as more surface degradation may occur during these processes, which 
could have differing effects between samples frozen at different freezing rates to the 
same core temperature.    
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Figure 2.11: Average color change (∆E) data from freezing Atlantic salmon samples at 
different freezing rates to the same core temperatures.  All treatments were compared to a 
the -106°F(-106°F) treatment of Atlantic salmon (p<0.05, n=3)  
20(20) +/-2.98 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-2.04 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-1.11 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-0.82 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-1.23 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
10(10) +/-0.74 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-0.21 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).    
-20(10) +/-2.12 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-1.57 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-0.73 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).     
-20(0) +/-0.58 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F). 
-106(0) +/-1.72 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) +/-1.66 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
 -106(-20) +/-0.66 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F).   
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Figure 2.12: Distribution of Color Difference values (∆E) for frozen samples frozen at 
the same freezing rate to different core temperatures (P≤0.05, n=3) 
20(20) +/-2.98 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-2.04 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-1.11 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-0.82 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-1.23 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
10(10) +/-0.74 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-0.21 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).    
-20(10) +/-2.12 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-1.57 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-0.73 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).     
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-106(0) +/-1.72 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) +/-1.66 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
 -106(-20) +/-0.66 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F).   
Texture Analysis 
 Two methods (razor-blade shear and Warner-Bratzler shear) were employed to 
measure texture of salmon frozen at different rates (Figure B5-B6 in Appendix A).  
Cooked fish texture was challenging to quantify in this study, partly due to extreme 
tenderness and differences in muscle structure compared to other meat types for which 
these analyses were developed.  Texture deterioration has previously been related to cook 
loss for Atlantic salmon after short-term freezing storage.  Kong (2007) reported that 
salmon cook loss increased within the first ten minutes of cooking at 121.1°C(250°F) 
while shear force increased within the first five minutes of cooking and then slowly 
decreased as cook time continued.  Yagiz et al. (2009) found that high pressure-cooking 
of Atlantic salmon had lower hardness and cohesiveness compared to conventional 
cooking. As stated earlier one challenge encountered in the current study was the extreme 
tenderness of the salmon meat after cooking. The razor-blade shear method allowed three 
to four readings per sample, however, sample muscle structure crumbled with each razor 
entry (Figure A7 in Appendix A).  Myotome layers in filleted fish tended to “slide” from 
any applied force after being cooked, which is why structure integrity diminishes 
(Borderias, 1983).  Because of the problems encountered with the razor-blade shear 
method, the Warner-Bratzler shear method was added in replication 2, as this method 
allows for one reading and mimics a one-time biting motion.  This method also gave no 
trends in relation to the different freezing rate treatments (Figure A6 in Appendix A). 
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 Based upon the challenges associated with texture analysis, the cooking time for 
salmon samples was reduced from 11 to 6 minutes for replication 3.  By cooking the 
samples for a shorter period of time it was hoped that a firmer sample would allow for 
trends for the different freezing treatments.  Based upon shear maximum force analysis, 
replication 3 texture analysis proved to be inconclusive between treatments frozen at 
different freezing rates to the same core temperature.  Future texture analysis research 
with Atlantic salmon will be performed on thawed, uncooked samples.   
S3400N Micrograph Ice Crystal Pore Analysis 
Surface Pore Analysis 
Visual differences can be seen in representative surface micrographs from salmon 
samples frozen to a core temperature of -7°C(20°F) at different freezing rates (Figure 
2.13, B21 in Appendix B). Treatments frozen at higher freezing rates, –20°F(20°F) and -
106°F(20°F), had smaller, more uniform ice crystal pore formation, while treatments 
frozen at lower freezing rates, 0°F(20°F), 10°F(20°F), and 20°F(20°F), tended to have 
larger and less uniform ice crystal pores. Similar trends between treatments were seen in 
the micrograph images recorded for replication 2 (Appendix C). 
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Figure 2.13: Surface pore micrograph images for samples frozen to a core temperature of 
20°F/-7°C. Top Left: 20°F(20°F) Top Right:10°F(20°F) Middle Left: 0°F(20°F) Middle 
Right: -20°F(20°F) Bottom:-106°F(20°F) 
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 Two important attributes from the surface and core pore analysis were the total 
number of pores and the average pore size.  Treatments frozen to -12°C(10°F), -
18°C(0°F), -29°C(-20°F) core temperatures with increasing freezing rate rates had higher 
ice crystal pore counts with a stepwise increase in surface pore number (Figure 2.14, B).  
Treatments frozen to a -7°C(20°F) core temperature also increased in surface pore count 
with increasing freezing rates, however treatments 10°F(20°F), 0°F(20°F), and –
20°F(20°F) did not have a significantly different number of surface pores. Surface pore 
count had relatively low variation in range within treatments and decreased between 
treatments frozen at the same freezing rate to increasing core temperatures (Figure 2.15).   
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Figure 2.14: Average surface pore count for treatments frozen to the same core 
temperatures at different freezing rates. 
20(20) +/-46.9 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-42.4 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
0(20) +/-39.7 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-44.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-106(20) +/-108.8 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F). 
10(10) +/-42.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F). 
0(10) +/-67.5 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).   
-20(10) +/-59.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-40.8 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-32.5 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F). 
-20(0) +/-74.9 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-109.1 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) +/-13.5 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F).  
 -106(-20) +/-80.8 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 
 -106(-106) +/-58.4 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
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Figure 2.15: Distribution of average surface pore count for salmon treatments frozen at 
the same freezing rate to different core temperatures (P≤0.05, n=6). 
2020 +/-46.9 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
1020 +/-42.4 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
020 +/-39.7 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/-44.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-10620 +/-108.8 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F). 
1010 +/-42.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F). 
010 +/-67.5 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
-2010 +/-59.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -10610 +/-40.8 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/-32.5 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F). 
-200 +/-74.9 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-1060 +/-109.1 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
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 -106-20 +/-80.8 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-
20°F). 
 -106-106 +/-58.4 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
 
 Samples frozen to the same core temperature decreased in average surface pore 
size with increasing freezing rates (Figure 2.16, B22 in Appendix B).  The variation in 
range of average surface pore size was larger within treatments frozen to higher core 
temperature (Figure 2.17). Average surface pore size distribution decreased in size with 
higher freezing rates, relatively (Figure 2.17).   
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Figure 2.16: Average surface pore size for treatments frozen to the same core 
temperatures at different freezing rates. 
20(20) +/-1707.4 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F). 
10(20) +/-494.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-360.4 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
7°C(20°F). 
  -20(20) +/-99.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-191.2 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
10(10) +/-895.6 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).    
0(10) +/-297.1 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F). 
-20(10) +/-161.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F). 
 -106(10) +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F). 
 0(0) +/-454.1 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).     
-20(0) +/-130.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).     
-20(-20) +/-244.3 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F)  

































Frozen	to	20°F	 Frozen to 10°F 
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 -106(-106) +/-172.3 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
A-C. Treatments with different letters are significantly different (P≤0.05). n=6 
 
Figure  2.17: Distribution of average surface pore size for salmon treatments frozen at 
the same freezing rate to different core temperatures (P≤0.05, n=6). 
2020 +/-1707.4 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F). 
1020 +/-494.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 020 +/-360.4 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
 -2020 +/-99.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -10620 +/-191.2 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
1010 +/-895.6 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).    
010 +/-297.1 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F). 
-2010 +/-161.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F). 
 -10610 +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F). 
 00 +/-454.1 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).     
-200 +/-130.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
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-1060 +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).     
-20-20 +/-244.3 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F)  
 -106-20 +/-140.2 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 
 -106-106 +/-172.3 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
  
 Average surface pore size and surface count affects structural stability within 
salmon as larger, less uniform pores cause cell membrane damage and dehydration in fish 
muscle fiber structure (Syamaladevi, 2011).  Surface pore data from this study shows that 
freezing rate affects the increase in average surface pore count in samples frozen to the 
same core temperature, more so than average surface pore size (Figure 2.13, 2.15).  
Therefore surface ice crystal damage during short-term storage may be attributed to the 
number of nucleated ice crystals first and then to the specific average size of the ice 
crystals formed (Petzold 2009).  Just as in fish, ice cream storage time and temperature 
affects ice crystal morphology.  Ice crystal formation starts during the churning process 
and ice crystal size and shape change during storage. A creamy and smooth final ice 
cream product is associated with a high number of small ice crystals (Hartel, 1996, 
Petzold, 2009).  The lack of statistical difference between average surface pore size in 
some treatments could be related to the fact that samples frozen at lower rates produce 
large nucleated ice crystals with large variation in size (Figure 2.17), as well as small 
thermodynamically unstable ice crystals (Petzold 2009).  Future research into how long-
term storage affects surface pore count and average surface pore size in Atlantic salmon 
will elucidate results seen between short-term storage treatments.   
Core Pore Analysis 
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Core ice crystal pore analysis was performed in replications 2 and 3.  Because of 
disruption of meat tissue by cutting each sample, surface pore analysis trends were only 
attributed to a few core pore analysis treatments (Figure 2.18, 2.20).  Average core pore 
count for treatments frozen in the -77°C(-106°F) unit to -7°C(20°F) and -12°C(10’F) 
were the only salmon samples statistically different from the remaining treatments 
(Figure 2.18).  Similarly samples frozen to -18°C(0°F) and -29°C(-20°F) showed no 
statistical variability between average core pore count and freezing rate (Figure 2.18).  
Average core pore count showed higher variation in range within treatments frozen at 
higher freezing rates (Figure 2.19).  
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Figure 2.18: Average pore core count for treatments frozen to the same core 
temperatures at different freezing rates. 
20(20) +/-32.9 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).   
10(20) +/-7.1 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
0(20) +/-5.9 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-36.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-106(20) +/-34.9 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F). 
10(10) +/- 5.31 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
0(10) +/-12.2 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F). 
-20(10) +/-6.8 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F). 
-106(10) +/-63.7 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F). 
0(0) +/-11.4 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-20(0) +/-7.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).    
-106(0) +/-2.2 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).  
-20(-20) +/-104.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F) 
-106(-20) +/-122.8 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F).  
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A-B. Treatments with different letters are significantly different (P≤0.05). n=6 
 
Figure 2.19: Distribution of average core pore count for salmon treatments frozen to the 
same core temperature at different freezing rates (P≤0.05, n=3). 
2020 +/-32.9 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).   
1020 +/-7.1 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -7°C(20°F). 
020 +/-5.9 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-2020 +/-36.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-10620 +/-34.9 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -7°C(20°F). 
1010 +/- 5.31 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).   
010 +/-12.2 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F). 
-2010 +/-6.8 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F). 
-10610 +/-63.7 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F). 
00 +/-11.4 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-200 +/-7.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -18°C(0°F).    
-1060 +/-2.2 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).  
-20-20 +/-104.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F) 
-106-20 +/-122.8 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F).  
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 Similar to average core pore count, average core pore size was not significantly 
different between most treatments (P≤0.05) (Figure 2.20, B23 in Appendix B).  The 
distribution of average core pore size relative to treatments frozen at the same freezing 
rate to different core pore temperatures did not display any trends between treatments 
(Figure 2.20).  Treatments 10°F(10°F) and 0°F(0°F) were the only salmon samples 
statistically different from the remaining treatments (Figure 2.20). Variation within 
treatments was small except for 10°F(10°F) (Figure 2.21).      
  Even though core pore differences were not seen among all treatments during 
from freezing, this analysis should still be studied during longer-term. Since the food 
surface freezes more quickly than the center, core ice crystal nucleation and morphology 
changes occur more slowly than those on the surface. Studies have shown the differences 
in ice crystal characteristics on the food surface are incremental towards the center of 
food products (Chevalier 2000).  Chevalier et al. (2000) found that pore number and 
average size decreased with increasing diameter into the center of cylindrical gelatin gels 
frozen at the same freezing rate.  Similarly, this study provides only short-term results of 
ice crystal damage within Atlantic salmon, therefore longer term freezing storage should 
provide further knowledge pertaining to ice crystal morphology within fish.   
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 Figure 2.20: Average core pore size for treatments frozen to the same core temperatures 
at different freezing rates. 
20(20) +/-6249.0 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F). 
10(20) +/-3629.4 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-572.2 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
7°C(20°F). 
 -20(20) +/-468.2 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-277.4 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
10(10) +/-20267.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).  
0(10) +/-1528.9 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).    
-20(10) +/-254.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).   
 -106(10) +/-239.5 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-8253.1 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
18°C(0°F).   
-20(0) +/-3535.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).     
-106(0) +/-1096.5 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -
18°C(0°F).     
-20(-20) +/-1112.9 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
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 -106(-106) +/-1542.7 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F). 
A-B. Treatments with different letters are significantly different (P≤0.05). n=6 
 
Figure 2.21: Distribution of average core pore size for salmon treatments frozen to the 
same core temperature at different freezing rates (P≤0.05, n=6). 
2020 +/-6249.0 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F). 
1020 +/-3629.4 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 020 +/-572.2 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
 -2020 +/-468.2 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -10620 +/-277.4 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).  
1010 +/-20267.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).  
010 +/-1528.9 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).    
-2010 +/-254.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).   
 -10610 +/-239.5 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 00 +/-8253.1 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).   
-200 +/-3535.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).     
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-20-20 +/-1112.9 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F). 
 -106-20 +/-1697.4 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 
 -106-106 +/-1542.7 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F). 
2.5 CONCLUSION 
 Physical qualities of Atlantic salmon changed as a result of freezing and short-
term cold storage.  Lightness, freeze loss, thaw loss, surface pore count, and average 
surface pore size qualities benefited from increased freezing rates to different core 
temperatures in Atlantic salmon.  Commercial freezing utilizes larger batches, more rapid 
freezing methods and a wider range of available storage temperatures compared to 
consumer household freezers. Appliance companies strive to produce competitive, high 
quality freezers while minimizing energy usage.  Atlantic salmon quality benefited from 
freezing in temperature ranges between -18°C(0°F) and -29°C(-20°F) with shorter 
freezing times, increased lightness, lower color difference from the control treatment, 
lower freeze loss, lower thaw loss, smaller ice crystal, higher average surface ice crystal 
pore count, and smaller average surface ice crystal pore size. Samples frozen in -
18°C(0°F) and -29°C(-20°F) units to decreasing core holding temperatures were visually 
and statistically different in surface pore count, except for samples frozen to core 
temperatures of -7°C(20°F) .  Average surface pore size did not differ statistically 
between samples frozen in the -18°C(0°F) and 29°C(-20°F) units, except for the 
treatments frozen to a core temperature of -18°C(0°F).  Therefore, because surface ice 
crystal pores seem to increase in frequency, but remain similar in size between these two 
freezing rates, there must be a temperature in between -18°C(0°F) and 29°C(-20°F), 
where both surface pore count and size are optimized.  From a quality standpoint, high 
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freezing rates and consumer freezer core holding temperatures allowed for higher quality 
Atlantic salmon products. 
2.6 FUTURE RESEARCH 
Based upon energy consumption data and sustained quality characteristics in Atlantic 
salmon, further research should go into a range of consumer freezer temperatures 
including between -18°C(0°F) and -29°C(-20°F) during long-term storage of Atlantic 
salmon. 
A Kramer-shear method could be tested to analyze texture changes between different 
treatments of Atlantic salmon.  A new methodology for sample preparation to analyze 
core ice crystal pore damage within treatments could be developed as well (Appendix E).  
Further analysis should include examining microbial activity, peroxidase content, and 
water holding capacity, as well continued physical deterioration methods examined 
within the current study.  Finally, both short and long-term freezing storage studies will 
be performed on a fruit product such as peaches.   
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Appendix A 
 
 FRESH PRODUCT SHELF-LIFE EVALUATION CONSUMER STUDY 
   
A.1 Literature Review 
Refrigeration systems have been around since the 1700’s as a novel idea to improve shelf 
stability for products that require cold storage (Radermacher, 1996).  Refrigerators have 
only grown in size, complexity, and price overtime, as a result of new engineering 
practices and product development. Research in the cold storage field ranges from aiming 
to make the most environmentally conscious design to the most versatile and feasible 
product for the consumer, therefore there is a large sense of competition between 
appliance companies to set themselves apart from the rest of their competitors (Calm, 
1998). Companies have filed hundreds of patents for crisper compartments as designs 
change for increased energy efficiency and consumer preference (Bottum, 2016).  Crisper 
compartments main functionality is to store meat, cheese, fruit, and vegetable.  Not only 
are they practical and convenient, as they usually provide an easy-to-open sliding storage 
area for foods, but they also provide for humidity and temperature control storage, 
technology most commonly seen within higher-end models (Larsen, 1988).  Fruits and 
vegetables tend to dry out over time during storage, therefore the humidity and 
temperature controls are vital in increasing shelf life for consumer’s groceries.  The 
purpose of studying crisper units is not only to increase the usability of the refrigerator 
product, but also to increase the marketability of the product.  
 The produce chosen within this project was specific to common foods, which 
consumers purchase in grocery stores.  A fruit (strawberry), vegetable (lettuce), and a 
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legume (mushroom), were chosen as foods that would be commonly stored in crisper 
compartments.  Studies have shown that keeping food fresh is reliant upon the specific 
type of food and the storage parameters. In one storage study vegetables had a twelve to 
fourteen day shelf life at a holding temperature ranging from 33°F-41°F.  Fruits had a 
shorter shelf life of eight to ten days within the same temperature parameters (Lamikanra, 
2002). Refrigeration storage is meant to slow down the ripening process, however, 
ripening within produce can only be inhibited so much as a result of enzymatic activity 
and oxidation that occurs within every piece of produce over time.  These oxidative 
reactions incur color, flavor, and nutritional damage at different rates depending upon the 
type of produce (Lopez-Serrano, 1994, Long, 1969, Couture, 1993).  Enzymatic 
browning tends to occur in mushrooms over longer storage periods not only as a result of 
product handling, but also because of tyrosinase (polyphenol oxidase-PPO) located in 
both the cap and stalk regions of the vegetable.  As a result of two catalyzing reactions, 
the oxidation of monophenols to orthoquinones or the oxidation of ortho-diphenols to 
orthoquinones, visual browning occurs.  The browning is attributed to brown melanin 
pigmentation released as a result of PPO oxidation (Beaulieu, 1999, Long, 1969).  
Similarly, strawberries show signs of browning and discoloration during the ripening 
process because of phenolic oxidation. Strawberries have both PPO and peroxidase 
enzymes, which facilitate these reactions.  A significant decrease in lightness, also 
attributed to browning, has been seen over storage times up to ten days.  Decrease in red 
pigmentation may change slowly as a result of anthocyanin concentration decreasing; 
however, during short-term storage oxidative reactions affect lightness stability more.  
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Polyphenol oxidation has been proven to affect strawberries and other fruit degradation 
most readily, however, further research is looking into peroxide oxidation as well 
(Chisari, 2007, Lopez-Serrano, 1994).  Lettuce deterioration from storage is seen through 
increased phenylalanine ammonia-lyase activity, increased concentration and inevitably 
oxidation of phenolic compounds, and russet spotting.  Russet spotting is browning 
intensity within lettuce leaves and occurs most readily due to ethylene exposure or leaf 
tissue damage (Couture, 1993).  The main way to keep produce fresh is to control quality 
during distribution and storage. The objectives of this research are to test physical and 
visual sensory attributes of lettuce, mushrooms, and strawberries.  The study aims to 
compare weight loss data of produce over short-term storage to the consumer’s opinion 
of whether they would eat, trim, or throw away the produce purely based upon physical 
appearance.     
A.2 Research and Design Methods  
Materials  
Seven different crisper units were compared, two crisper units from a refrigerator labeled 
model A, two crisper units from a refrigerator labeled model B, and 3 crisper units from a 
refrigerator labeled model C.  The volume of each crisper was measured so as to calculate 
an overall headspace area for each unit.  Based upon this headspace area model, 
proportional amounts of produce were tested for freshness and sensory analysis 
longevity.  Heads of green leaf romaine lettuce (Lactuca sativa L. var. longifolia), 16 oz 
boxes of Driscoll’s Strawberries (Fragaria x ananassa), and 16 oz. Publix white whole 
mushrooms (Agaricus bisporus) were purchased from Publix Grocery Store in 
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Greenville, South Carolina.  The produce was washed, dried, and sorted into piles to 
separate out any below average pieces.   
Sample Selection and Crisper Setup 
Table A1: Calculated headspace for each crisper unit and the corresponding weight range 
















A	 Left/Right	 30.2	 397.5-422.5	 501.5-526.5	 229.5-254.5	
B	 Left/Right	 27.5	 360.8-385.8	 455.5-480.5	 207.5-232.5	
C	 Left	 27.2	 356.8-381.8	 449.5-474.5	 204.5-229.5	
C	 Right	 25	 326.9-351.9	 412.5-437.5	 187.5-212.5	
C	 Convertible	drawer	 53.1	 708.4-733.4	 796.5-821.5	 368.5-393.5	
 Each crisper unit required a different weight range of produce based upon overall 
volume and headspace in each unit (Table A1).  Lettuce heads were trimmed inspected, 
and weighted to match each specified weight for each different crisper.  Strawberries and 
mushrooms were weighted in a pre-weighed punnet baskets based upon the range 
required for each crisper.  Every crisper had one punnet of strawberries, one punnet of 
mushrooms, and one head of lettuce, except for model C’s convertible drawer, which had 
two punnets of strawberries, two punnets of mushrooms, and two heads of lettuce.  The 
convertible drawer was about twice the size of the other crisper units, therefore to make 
up for that attribute additional produce was needed.  Samples were placed uniformly into 
each crisper (D4-D5 in Appendix D).  For anonymity during the sensory analysis panel, 
each crisper was assigned a number 1-7.  Sample 1 represented the produce in the left 
crisper of model B.  Sample 2 represented the produce in the right crisper of model B.  
Sample 3 represented the produce in the left crisper of model A.  Sample 4 represented 
  72 
the produce in the right crisper of model A.  Sample 5 represented the produce in the left 
crisper of model C.  Sample 6 represented the produce in the right crisper of model C.  
Sample 7 represented the produce in the convertible drawer of model C.  Throughout this 
report the samples will be referred to by their sample number.  
 Several inspection and analytical photos were taken to report and record the 
beginning Day 0 visual qualities of each sample before being placed in their specified 
crisper compartment.  The crisper compartment set up was the lettuce in the bottom area 
closest to the door, the strawberries placed in the top right corner of the crisper, and the 
mushrooms placed in the top left corner of the crisper.  Day 0 weights were recorded and 
used as comparison weights to track overall weight loss through the study.  Sample 
weights were taken of each sample prior to the sensory panel on Mettler Toledo PB3002 
scale (Langacher Greifensee, Switzerland) (Table D1-D3 in Appendix D).  Weights were 
recorded on Day 0, 7, 9, 11, 14, 16, 18, 21, and 23.  Sensory Panels occurred on Day 7, 9, 
11, 14, 16, 18, 21, and 23.  Each sample was handled very carefully so as to not damage 
the produce throughout the whole study.  Sensory analysis participants were not allowed 
to touch the produce with bare hands so as to diminish the possibility of contamination.      
Temperature and Humidity Analysis 
Temperature and humidity were monitored over the full duration of the test.  The 
temperature and humidity sensors were placed in the middle of the crisper, 50 to 70 mm 
above the produce, so that the there was no contact with each sample.  The crisper 
compartments containing produce were allowed to stabilize for 24 hours.  After 24 hours 
the temperature was measured from day 1 to day 4 and the average, minimum, maximum, 
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and standard deviation of the temperature and relative humidity were determined.  
Cycling reflected normal activity in the first few days of the test before the sensory panel 
analysis started, however, door openings and defrost cycles were excluded from the 
analysis after the sensory panel began.  If the average humidity was <50.0% the sensory 
panelist test was supposed to start on day 5 and if the humidity is >50%, the test was 
supposed to start on day 7.  For all of the refrigerators, the humidity was >50%, therefore 
the sensory test started on day 7. 
Note:  The temperature and humidity data is not available for this current experiment 
review.  The data will be added in the near future to substantialize the study. 
Sensory Panel Analysis 
To fully capture the opinions of consumers a sensory panel analysis test was performed to 
assess the overall success of each crisper compartment.  Twenty to twenty-five Clemson 
University staff, graduate students, and undergraduate students were recruited for the 
panel.  Each participant volunteered and was notified of the fact that there were no known 
harmful substances being used during the study.  If they had any particular allergies 
related to the produce being used, they could not participate or would have to use 
personal safety precautions when viewing the samples.  The specific type of sensory 
panel testing chosen was an effectiveness test with blindly labeled samples.  The panelist 
were untrained with how the samples were supposed to look as associated with freshness, 
therefore, each panelists own personal opinion about how a fresh product should look 
was taken into account.  Although this specific type of testing can lead to personal bias, 
accumulating knowledge from a consumer’s standpoint is important in the food industry.  
Parallel to a hedonic scale method, each panelist was given a set scale to rate each 
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individual sample.  Providing set parameters for sensory panelists, as well as detailed 
descriptions of their importance to this research is key in accumulating helpful, 
descriptive data. Finally, each participant was promised a 15$ Visa gift card upon 
finishing the study as an incentive to participate in the complete study.  Incentivizing 
your panelist is important because it associates a reward with the study (Lawless 2010).  
 Each participant signed up for a five-minute time slot for each day of the study.  
When panelists arrived they were given the option to wear safety gloves.  They were then 
given a scorecard, where they could give each sample a score from a 1, 3, and 5 scale and 
make comments (Figure A1).  A “1” corresponded to the description: Eat.  This means 
that the panelist would eat the produce without any manipulation.  A “3” corresponded to 
the description: Trim.  This means that the panelist would trim a piece of lettuce off one 
of the sample heads of lettuce and throw away a strawberry or mushroom or two.  A “5” 
corresponded to the description: Throw Away.  This means that the panelist would throw 
away the whole produce sample.  Each piece of produce was treated individually for each 
sample tray 1-7 and given a subjective score from each panelist.   
 Each sensory panel lasted for 120 minutes, representing the amount of time that 
the produce was exposed to the outside environment. The panelist’s scores were 
compiled for each day and once a piece of produce received over 50% “5” scores, the 
produce was thrown away (Table D4-D6 in Appendix D).   
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Panelist _____    Date __________ Time __________ 
1—You would EAT this produce 
3—You would TRIM this produce before eating it 
5—You would THROW this produce AWAY 
Produce	 Sample	1	 Sample	2	 Sample	3	 Sample	4	 Sample	5	 Sample	6	 Sample	7	
Mushroom	 	 	 	 	 	 	 	
Strawberry	 	 	 	 	 	 	 	
Lettuce	 	 	 	 	 	 	 	
Comments:  
   Figure A1: The scorecard that each panelist received during the sensory panel is shown above.  
Scores of “1,” “3,” and “5” were assigned to each sample by each panelist next to their 
corresponding sample box. 
 
A.3 Results and Discussion  
 
WEIGHT LOSS ANALYSIS 
Mushroom Acceptability 
The overall percent weight loss for each sample was based upon the weight recorded on 
Day 0 for mushrooms (Figure A2, Table D1 in Appendix D). Weight loss is a critical sign 
that produce is losing moisture or “drying out”, therefore in reference to shelf-stability 
and overall product desirability this attribute is vital to track. After seven days, Sample’s 
3 and 4 proved to have the two lowest percent weight losses (7.22%, 7.92%), 
substantiating that model A allows for more humidity and temperature stability of 
samples after seven days.  Sample 2 showed to have the third lowest percent weight loss, 
(9.27%) however, Sample 1, which represented the same refrigerator model, proved to 
have the highest percent weight loss (14.77%) after seven days.  This phenomenon could 
be attributed to damages in the old production model specified to the left crisper.  
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Samples 5, 6, and 7 had midrange weight losses compared to the other samples.  Sample 
5 had the fourth lowest percent weight loss (10.29%), closely followed by Sample 6 
(12.48%) and Sample 7 (13.72%). Samples 1, 2, 3, 5, 6, and 7 all lasted until day 11 
based upon sensory panelist opinion.  Samples 3 and 4 had the lowest overall weight loss 
during the duration of the test (12.89%, 12.66%), followed by sample 2 (16.43%). 
Sample 5’s percent weight loss proved to be the lowest out of model C’s crispers 
(17.04%).  This purely means, as in model’s B, that the model C has some 
inconsistencies between each of the crisper models.  Sample 4 was scored until Day 14, 
with a recorded percent weight loss of 16.40%.  Based upon overall mushroom 
acceptability weight loss profile Sample’s 3 and 4 proved to be stored in the most 
controlled crisper units.  Overall, Sample 4 lasted the longest based upon sensory analysis 
data and showed to have the lowest overall percent weight loss by Day 14.  The most 
important improvement seen is the 37% improvement in weight loss of mushrooms after 
seven days of storage, which further proves model A crisper unit model has improved 
shelf-life in comparison to model B.   
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Table A2: Percent weight loss data profile for mushrooms. 1) left crisper unit of model B 
2) right crisper unit of model B 3) left crisper of model A 4) right crisper of model A 5) 




The overall percent weight loss for each sample was based upon the weights recorded on 
day 0 for strawberries (Figure A3, Table D2 in Appendix D).  After seven days, Sample’s 
3 and 4 again proved to have the two lowest percent weight losses (5.09%, 2.1%), 
substantiating even further that model A crisper unit models allow for higher quality 
humidity and temperature stability after seven days.  Sample 7 has the third lowest 
percent weight loss, followed by Sample 2 and Sample 5 (6.18%, 6.35%, 6.37%).  This 
variability as compared in weight loss profile has a connection to different crispers 
accommodating different types of produce in distinct ways.  As strawberries have higher 
moisture content than mushrooms, temperature and humidity settings will affect 
strawberries in a different manner.  Sample’s 6 and 1 have the two highest percent weight 
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of drying out and higher percent weight loss.  On day 11 and 14 Sample 4 proves to 
maintain the lowest percent weight loss out of any samples (3.88%, 5.58%).  Sample 3 
follows with having the second lowest percent weight loss on Day 11, 14, and 16 (8.38%, 
10.07%, 11.84%).  Even though Sample 4 did have some of the lowest percent weight 
loss data for every test day, sensory data removed the sample by Day 14 due to mold 
growth.  Mold growth proved to affect quite a few samples throughout the test process.  
This trend can be attributed to the fact that the strawberries were placed in the back of the 
crisper units, as opposed to the front of the crispers units as seen in previous tests.  This 
area of this crisper is colder and higher in humidity than the areas closest to the front of 
the crisper.  Samples 3 and 6 remained within the test the longest and by day 16 
accumulated percent weight losses of 11.84% and 19.06%.  Unlike with the mushrooms, 
the strawberry shelf life differed between sensory panel and weight analysis data slightly.  
Finally, the 50% improvement in weight loss in strawberries between model A compared 
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Table A3: Percent weight loss data profile for strawberries. 1) left crisper unit of model 
B 2) right crisper unit of model B 3) left crisper of model A 4) right crisper of model A 5) 




The overall percent weight loss for each sample was based upon the weights recorded on 
day 0 for lettuce (Figure A4, Table D3 in Appendix D).  After seven days, Sample’s 4 and 
2 proved to have the lowest percent weight loss (4.83%, 6.02%). This trend remains up 
until Day 16, where both Sample 3 and 7 show to have lower percent weight loss data as 
compared to Sample 2 (14.73%, 14.98%, 15.51%). On day 7 Samples 3 and 7 prove to 
have the third and fourth lowest percent weight loss (7.38%, 7.06%), showing that model 
A truly does show proper humidity and temperature control in both the left and right 
crisper units.  The convertible drawer (Sample 7) in model C also shows to treat lettuce 
quality more properly than strawberries and mushrooms.  Sample 1, once again, shows 
the largest percent weight loss after seven days of storage, further proving the flaws in 
model B.  All lettuce samples lasted until day 16 based upon sensory panel analysis 
opinion, Sample 4 still proving to show the lowest percent weight loss (13.30%).  
Samples 3, 4, 5, and 7 lasted until day 21 with Sample 3, 4, and 7 having the three lowest 
percent weight losses (23.14%, 22.49%, 23.65%) followed by Sample 5 (30.14%). 
Overall, Sample 4 lasted until day 23 with a total percent weight loss of 23.79%, proving 
this sample and crisper unit model to be the most efficient based upon weight loss 
analysis and sensory panel analysis for lettuce.  Finally there was an overall 36% 
improvement in weight loss after seven days for lettuce samples in model A as compared 
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to model B.  Not only were these samples acceptable for two weeks, but also model A 
proved to allow lettuce samples to last up to 3-5 days longer than model B.   
 
Table A4: Percent weight loss data profile for lettuce. 1) left crisper unit of model B 2) 
right crisper unit of model B 3) left crisper of model A 4) right crisper of model A 5) left 
crisper of model C 6) right crisper of model C 7) convertible drawer crisper unit of model 
C 
 
SENSORY PANEL ANALYSIS 
 
Mushroom Acceptability  
The sensory panelist scores for mushrooms began on day 7 of the study (Figure A5, 
Table D1 in Appendix D). As compared to studies performed in Stockholm, mushroom 
acceptability and tolerance was low among this sensory panel.  With the exception of 
Sample 4, every other mushroom sample had some percentage of “5” votes after seven 
days.  Based upon commented personal biases against mushrooms as a vegetable, as well 
as overall lack of knowledge of what a “fresh” raw mushroom should truly look like, the 
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“5” score response after seven days, which coordinates with this sample having the 
highest weight loss as well.  By day 9 the gap between “1” and “5” scores continues to 
narrow between all samples, showing the least difference in Sample 4.  By Day 11, over 
50% of panelist agreed that every sample, except Sample 4 was inedible.  Even though 
the largest “5” scores are seen from Sample 2, 3, 6, and 7 and that doesn’t completely 
correspond to the different weight loss analysis data, Sample 2 still shows one panelist 
who see’s this sample as fresh by Day 11, which shows there was still some freshness 
seen in this product.  Variability between raw weight loss data and sensory analysis data 
is inevitable, as variation of opinion from a visual panel will always interfere, however, 
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The sensory panelist scores for strawberries began on day 7 of the study (Figure A6, 
Table D5 in Appendix D). Strawberries showed to last longer in freshness acceptability 
with the panel than mushrooms.  By Day 7 only Sample’s 1, 5, and 7 were given a range 
of two to ten “5” votes.  Sample 4 on received 100% “1” votes on Day 7, supporting the 
samples overall low weight loss data throughout the whole study.  Sample 5 began 
growing mold by Day 7, which is why this sample received the worst ratings through the 
whole test and was discarded by Day 11.  As mold growth continued to appear on more 
samples by Day 11 and 14, Samples 1, 2, 4, and 7 were all thrown away.  Sample 4, 
albeit its overall low weight loss data, began to grow mold on Day 11 and continued to 
mold until day 14, a detail the sensory panelists could not accept as fresh.  Mold growth, 
as stated previously, seems to directly coordinate to the change in crisper setup used in 
this study as compared to others, where the strawberries were placed in the back each 
crisper unit.  The strawberries were subjected to higher humidity and fluctuating 
temperatures in the back of the crisper as opposed to the lettuce in the front of the crisper.  
Even though Sample 4 ended with low sensory scores, Sample 3, the left crisper in model 
A scored the overall highest out of any samples with the sensory panel, further 
legitimizing this crisper’s design.  Sample 3 and Sample 6 both lasted until Day 16 based 
upon the sensory panelist’s scores.   









The sensory panelist scores for lettuce began on day 7 of the study (Figure A7, Table D6 
in Appendix D).  Lettuce acceptability proved to surpass both strawberries and 
mushrooms, as one sample lasted up until Day 23.  By Day 7 every sample received over 
75% “1” scores, proving the longevity associated not only with lettuce, but also with 
placing this piece of produce in the front of the crisper unit.  Sample 3 and 4 stored in 
model C crisper unit model received the highest scores by the sensory panel, until day 14.  
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These two samples were not scored with one “5” vote until day 14.  Sample 7, from 
model C’s convertible drawer, also proved to assess well among the panelist until day 11.  
Sample 1, 2, and 6, which had some of the largest weight loss data through the study 
were discarded first on Day 16 and 18 based upon the sensory panel’s scores.  Samples 3, 
5, and 7 lasted until Day 21, although Sample 3 only had ten “5” votes compared to 
Sample 5 and 7, which had sixteen and eighteen “5” votes by the panelist.  Sample 4 
proved to last the longest until Day 23. The sensory scores by the panelist compare 
closely with the weight loss analysis data collected during the study, showing that lettuce 
is probably the easiest piece of produce for this particular sensory panel to discern 
freshness in.  








      
A.4 Conclusion 
 This study proves to substantialize Electrolux’s design goal and future planning 
for crisper units within refrigerators.  By testing model B in comparison to model A, the 
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improvements upon model A were supported through the storage of different forms of 
produce.  Model C provides market comparison data for their products.  The convertible 
drawer, seen within model C, is a new concept for the refrigeration market, therefore, 
seeing if this type of crisper design improves produce storage allows for future design 
ideas for Electrolux.  Over the study, the relationship between weight loss data and 
sensory panel analysis varied between different types of produce.  For mushrooms the left 
and right crisper units of model A proved to have the lowest percent weight loss.  The left 
crisper unit in model B and the convertible crisper unit in model C proved to have the 
highest percent weight loss.  The right crisper unit in model A proved to last the longest 
in the sensory panel test for mushrooms.  Therefore, there was not only a likeness 
between the sensory panel and weight loss profile analysis, but also supportive data for 
the newest crisper unit model manufactured by Electrolux for mushrooms.  For 
strawberries the left and right crisper units of model A proved to have the lowest percent 
weight loss.  The left crisper in model B and the right crisper model C had the highest 
percent weight loss for strawberries.  The right crisper unit in model C and the left crisper 
in model A proved to last the longest in the sensory panel test.  The sensory panel data 
compares well with the weight loss profile for model A crisper units.  However, the right 
crisper unit in model C did have some of the highest weight losses in the study for 
strawberries, therefore, a slight inconsistency is seen between the sensory panel and 
weight loss profile data.  For lettuce, the right crisper in model A lost the least amount of 
weight throughout the study, while the left crisper unit in model B and the left crisper 
unit in model C had the highest weight losses.  Overall, lettuce lasted the longest from the 
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sensory panel score data within the right crisper unit in model A.  Weight loss profile 
data and sensory panel scoring agreed that the model A crisper units kept the freshest 
lettuce samples throughout the study.  This consumer study helped Electrolux to gather 
pertinent information about new, old, and competing products in the crisper unit and 
refrigeration market.  Model A crisper units kept produce visually and physically fresh 
during this study, therefore, continued work with incorporating this new model into their 































  88 
A.5 REFERENCES 
Calm, J., Didion, D. 1998. Trade-offs in refrigerant selections: past, present, future. 
International Journal of Refrigeration, 21(4):308-321 
 
Bottum, E., Rockwell, F. 2016. Refrigeration Research Incorporated, Refrigeration 
Component. Print. 
 
Beaulieu, M., Beliveau, M., Aprano, G.D., Lacroix, M. 1999. Dose Rate Effect of Gamma 
Irradiation on Phenolic Compounds, Polyphenol Oxidase, and Browning of 
Mushrooms (Agaricus bisporus). Journal of Agricultural Food Chemistry. 
47:2537-2543 
 
Chisari, M., Barbagallo, R.N., Spagna, G. 2007. Characterization of Polyphenol Oxidase 
and Peroxidase and Influence on Browning of Cold Stored Strawberry Fruit. 
Journal of Agricultural and Food Chemistry. 55:3469-3476 
 
Couture, R., Cantwell, M.J., Ke, D., Saltveit, Jr., M.E., 1993. Physiological Attributes 
Related to Quality Attributes and Storage Life of Minimally Processed Lettuce. 
Hortscience. 28(7):723-725 
 
Lamikanra, O. 2002. Fresh-Cut Fruits and Vegetables: Science, Technology, and Market. 
CRC Press. 5 
 
Larsen, M. 1998. Amana Refrigeration Incorporated, Crisper Humidity Control. 1998, 
Print. 
 
Lawless, H.T., Heymann, H. 2010. Sensory Evaluation of Food: Principles and 
Practices. 2nd Ed. New York: Springer Science+Business Media LLC. 7-8, 66, 
72-73 
 
Long, T.J., Alben, J.O. 1969. Preliminary Studies of Mushroom Tyrosinase (Polyphenol 
Oxidase). Mushroom Science. 7(1): 281-299 
 
Lopez-Serrano, M., Barbagallo, R.N., Spagna, G. 2007. Peroxidase in unripe and 
processing-ripe strawberries. Food Chemistry. 52:157-160 
 
Radermacher, R., Kim, K. 1996. Domestic Refrigerators:  recent developments. 







  89 
Appendix B 
 Freezing Salmon at Different Temperatures 
 
Treatment Freeze loss Thaw Loss Cook Loss 
Total Weight 
Loss 
  20°F (20°F) 1.17% 0.60% 4.25% 6.02% 
  10°F (20°F) 1.07% 0.79% 4.34% 6.20% 
 0°F (20°F) 0.90% 0.35% 3.35% 4.60% 
  -20°F (20°F) 0.72% 0.82% 4.19% 5.73% 
  -106°F (20°F) 0.36% 0.62% 3.25% 4.23% 
  10°F (10°F) 1.15% 1.05% 4.07% 6.26% 
  0°F (10°F) 0.89% 0.42% 3.56% 4.88% 
  -20°F (10°F) 0.81% 0.45% 4.54% 5.80% 
  -106°F (10°F) 0.68% 0.38% 4.89% 5.95% 
 0°F (0°F) 0.73% 0.52% 4.57% 5.83% 
  -20°F (0°F) 0.62% 0.98% 4.63% 6.23% 
  -106°F (0°F) 0.43% 0.88% 5.08% 6.39% 
  -20°F (-20°F) 0.65% 0.54% 5.07% 6.26% 
  -106°F (-20°F) 0.58% 0.64% 6.15% 7.37% 
  -106°F (-106°F) 0.60% 0.25% 5.56% 6.41% 
Table B1:  Weight loss data for replication 1 including percent freeze loss, thaw loss, 
cook loss and total loss 
Table B2: Weight loss data from replication 2 including percent freeze loss, thaw loss, 
cook loss, and total loss
Treatment Freeze loss Thaw Loss Cook Loss 
Total Weight 
Loss 
  20°F (20°F) 0.77% 1.43% 3.68% 5.88% 
  10°F (20°F) 0.74% 1.04% 3.77% 5.55% 
 0°F (20°F) 0.60% 0.87% 3.72% 5.19% 
  -20°F (20°F) 0.48% 0.79% 3.91% 5.18% 
  -106°F (20°F) 0.35% 0.74% 3.54% 4.63% 
  10°F (10°F) 0.62% 1.25% 3.31% 5.18% 
  0°F (10°F) 0.57% 0.92% 3.72% 5.21% 
  -20°F (10°F) 0.55% 0.81% 3.87% 5.22% 
  -106°F (10°F) 0.51% 0.69% 3.80% 5.00% 
 0°F (0°F) 0.88% 0.71% 3.94% 5.53% 
  -20°F (0°F) 0.75% 0.21% 4.32% 5.29% 
  -106°F (0°F) 0.47% 0.83% 3.67% 4.97% 
  -20°F (-20°F) 0.60% 0.53% 3.71% 4.84% 
  -106°F (-20°F) 0.57% 0.47% 3.70% 4.74% 




Table B3: Weight loss data from replication 3 including percent freeze loss, thaw loss, 
cook loss, and total loss 
Treatment avg L* avg a* avg b* avg C* avg h* ΔE*ab 
  20°F (20°F) 47.50 6.98 9.21 11.56 9.25 5.48 
  10°F (20°F) 49.86 7.25 10.22 12.53 10.00 5.72 
 0°F (20°F) 50.44 8.00 9.81 12.67 10.16 5.71 
  -20°F (20°F) 49.84 9.60 11.73 15.16 12.16 6.25 
  -106°F (20°F) 53.79 10.26 12.10 17.60 13.32 6.56 
  10°F (10°F) 50.22 7.04 9.46 11.79 9.43 5.54 
  0°F (10°F) 51.72 9.12 11.15 14.40 11.56 6.09 
  -20°F (10°F) 50.46 8.66 10.00 13.24 10.63 5.82 
  -106°F (10°F) 56.10 12.17 15.39 19.62 15.73 7.12 
 0°F (0°F) 53.43 8.46 11.48 14.26 11.40 6.09 
  -20°F (0°F) 56.30 10.12 11.63 15.42 12.39 6.28 
  -106°F (0°F) 61.72 11.33 15.11 18.96 15.13 7.01 
  -20°F (-20°F) 57.70 10.79 11.82 16.00 12.87 6.38 
  -106°F (-20°F) 62.47 12.16 14.06 18.59 14.94 6.90 
  -106°F (-106°F) 67.33 11.37 10.80 15.69 12.62 6.25 
Table B4: Color analysis data after freezing physical analysis samples from replication 1  
Treatment Freeze loss Thaw Loss Cook Loss 
Total Weight 
Loss 
  20°F (20°F) 0.89% 1.49% 1.59% 3.97% 
  10°F (20°F) 0.65% 1.55% 1.71% 3.91% 
 0°F (20°F) 0.61% 1.27% 1.64% 3.53% 
  -20°F (20°F) 0.57% 1.27% 1.44% 3.29% 
  -106°F (20°F) 0.53% 0.95% 0.93% 2.40% 
  10°F (10°F) 1.30% 1.32% 1.63% 4.25% 
  0°F (10°F) 0.67% 1.09% 1.81% 3.57% 
  -20°F (10°F) 0.79% 0.92% 1.84% 3.55% 
  -106°F (10°F) 0.71% 0.82% 1.98% 3.51% 
 0°F (0°F) 0.93% 0.62% 2.54% 4.10% 
  -20°F (0°F) 0.91% 0.50% 2.15% 3.56% 
  -106°F (0°F) 0.52% 0.56% 1.53% 2.61% 
  -20°F (-20°F) 1.09% 0.78% 1.16% 3.03% 
  -106°F (-20°F) 0.76% 0.48% 1.29% 2.53% 
  -106°F (-106°F) 0.45% 0.56% 1.83% 2.84% 
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Treatment avg L* avg a* avg b* avg C* avg h* ΔE*ab 
  20°F (20°F) 41.78 7.77 9.13 11.99 49.54 7.98 
  10°F (20°F) 45.85 9.71 10.88 14.59 48.25 3.53 
 0°F (20°F) 48.24 8.36 10.42 13.36 51.17 1.72 
  -20°F (20°F) 51.78 7.95 12.09 14.47 56.66 2.81 
  -106°F (20°F) 55.41 11.78 14.03 18.32 49.91 7.15 
  10°F (10°F) 49.78 7.40 10.34 12.72 54.30 2.18 
  0°F (10°F) 51.29 9.65 11.86 15.29 50.73 2.13 
  -20°F (10°F) 53.30 9.48 12.15 15.39 51.96 4.11 
  -106°F (10°F) 58.70 12.56 15.32 19.81 50.67 10.73 
 0°F (0°F) 54.55 9.55 11.53 14.97 50.36 5.32 
  -20°F (0°F) 57.50 11.49 13.99 18.12 50.60 8.92 
  -106°F (0°F) 59.84 12.91 14.32 19.28 47.98 11.59 
  -20°F (-20°F) 60.17 12.77 14.69 19.46 48.96 11.93 
  -106°F (-20°F) 64.68 13.97 14.00 19.78 44.77 16.36 
  -106°F (-106°F) 69.34 10.86 11.11 15.54 45.68 20.18 
Table B5: Color analysis data after freezing physical analysis samples from replication 2 
Treatment avg L* avg a* avg b* avg C* avg h* ΔE*ab 
  20°F (20°F) 46.77 10.19 15.36 18.43 56.42 4.63 
  10°F (20°F) 49.57 8.14 11.15 13.81 53.83 1.09 
 0°F (20°F) 50.03 8.02 10.00 12.83 51.12 2.08 
  -20°F (20°F) 51.34 6.97 9.19 11.54 52.81 3.83 
  -106°F (20°F) 57.47 11.27 16.08 19.64 54.90 9.61 
  10°F (10°F) 48.45 8.62 9.83 13.08 48.70 2.00 
  0°F (10°F) 51.67 13.29 12.18 15.94 49.82 4.88 
  -20°F (10°F) 54.48 9.85 11.59 15.21 49.65 5.29 
  -106°F (10°F) 60.17 12.42 16.42 20.58 52.90 12.39 
 0°F (0°F) 54.66 11.52 13.56 17.74 49.66 6.24 
  -20°F (0°F) 57.72 11.81 13.54 17.97 48.89 9.11 
  -106°F (0°F) 60.61 14.25 18.31 23.21 52.10 14.17 
  -20°F (-20°F) 61.06 11.24 12.00 16.44 46.89 12.02 
  -106°F (-20°F) 65.27 12.65 14.81 19.48 49.49 16.72 
  -106°F (-106°F) 70.58 12.80 13.52 18.62 46.52 21.74 
Table B6: Color analysis data after freezing physical analysis samples from replication 3 
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Treatment Average F Average D Average t 
  20°F (20°F) 274.57 13.02 1.32 
  10°F (20°F) 128.87 12.10 1.23 
 0°F (20°F) 129.40 12.89 1.31 
  -20°F (20°F) 130.70 9.61 0.98 
  -106°F (20°F) 124.20 11.90 1.21 
  10°F (10°F) 161.70 9.63 1.21 
  0°F (10°F) 141.63 13.25 1.35 
  -20°F (10°F) 295.87 14.19 1.51 
  -106°F (10°F) 206.50 14.04 1.43 
 0°F (0°F) 279.83 14.87 1.51 
  -20°F (0°F) 201.83 12.30 1.25 
  -106°F (0°F) 141.90 14.87 1.51 
  -20°F (-20°F) 243.67 11.32 1.15 
  -106°F (-20°F) 142.37 14.18 1.44 
  -106°F (-106°F) 197.03 8.94 0.92 
Table B7: Razor Blade method texture data from Replication 1 
Treatment Shear Force (N) 
  20°F (20°F) 1182.9 
  10°F (20°F) 823.2 
 0°F (20°F) 762.5 
  -20°F (20°F) 871.8 
  -106°F (20°F) 1159 
  10°F (10°F) 795 
  0°F (10°F) 664.7 
  -20°F (10°F) 817.2 
  -106°F (10°F) 749.4 
 0°F (0°F) 878.5 
  -20°F (0°F) 1075.9 
  -106°F (0°F) 579.2 
  -20°F (-20°F) 790.8 
  -106°F (-20°F) 683.3 
  -106°F (-106°F) 699.5 
Table B8: Warner-Bratzler method texture data from Replication 2 
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Treatment F1 F2 F3 
Average 
Force (N) 
20°F (20°F) 73.7 79.3 73.2 75.400 
10°F (20°F) 102.7 65.3 67.6 78.533 
0°F (20°F) 102.4 86.3 78.1 88.933 
-20°F (20°F) 121 127.3 132.7 127.000 
-106°F (20°F) 72.5 104.4 91.8 89.567 
10°F (10°F) 113.6 84.3 81.1 93.000 
0°F (10°F) 129 107 87.1 107.700 
-20°F (10°F) 81.2 82.9 110.6 91.567 
-106°F (10°F) 94 76.5 109.1 93.200 
0°F (0°F) 75 63.7 54.1 64.267 
-20°F (0°F) 73.4 81.5 63.3 72.733 
-106°F (0°F) 62.9 65.3 75.4 67.867 
-20°F (-20°F) 49.7 62.8 55.7 56.067 
-106°F (-20°F) 60.1 43.5 41.7 48.433 
-106°F (-106°F) 51.4 79.3 76.9 69.200 
Table B9: Razor blade method texture data from replication 3 
Treatment Replication 1 Replication 2 Replication 3 
Average 
Time 
20°F (20°F) 22.34.00 23.27.00 27.18.00 24.26.33 
10°F (20°F) 5.54.00 06.12.00 05.40.00 06.09.06 
0°F (20°F) 2.55.00 03.20.00 03.32.00 03.02.33 
-20°F (20°F) 2.43.00 02.16.00 03.24.00 02.61.00 
-106°F (20°F) 00.41.00 00.43.00 00.44.00 00.43.06 
10°F (10°F) 10.04.00 09.44.00 09.22.00 09.57.06 
0°F (10°F) 03.37.00 04.05.00 04.10.00 03.84.00 
-20°F (10°F) 02.59.00 02.37.00 03.46.00 03.21.06 
-106°F (10°F) 00.50.00 00.54.00 00.49.00 00.51.00 
0°F (0°F) 09.01.00 06.21.00 05.53.00 07.32.06 
-20°F (0°F) 03.22.00 02.55.00 04.11.00 03.29.33 
-106°F (0°F) 00.55.00 00.56.00 00.54.00 00.55.00 
-20°F (-20°F) 08.02.00 04.40.00 06.57.00 06.33.00 
-106°F (-20°F) 01.04.00 01.03.00 01.01.00 01.03.06 
-106°F (-106°F) 02.17.00 02.02.00 02.11.00 02.10.00 
Table B10: Freezing times for physical analysis samples from replication 1, 2, and 
3 in HH.MM.SS forma 





Treatment Replication 1 Replication 2 Replication 3 
Average 
Time 
A 20 27.20 25.06 23.05 25.10 
A 10 25.05 26.23 23.53 25.34 
A 0 25.10 28.52 26.27 27.03 
A -20 26.26 29.22 29.45 28.31 
A -106 33.04 37.52 37.46 36.01 
Table B11: Thawing times for physical analysis samples from replication 1, 2, 
and, 3 in MM.SS format 
























20°F	(20°F)-1	 150	 165772.038	 1105.147	 14.775	 35.311	 14.06	 91.213	
20°F	(20°F)-2	 184	 212590.94	 1155.386	 18.855	 36.239	 15.124	 82.182	
10°F	(20°F)-1	 140	 131770.245	 941.216	 11.674	 37.789	 17.877	 82.213	
10°F	(20°F)-2	 189	 200583.82	 1061.29	 17.818	 33.331	 16.12	 84.232	
0°F	(20°F)-1	 291	 268642.525	 923.17	 23.792	 30.105	 15.449	 96.403	
0°F	(20°F)-2	 287	 251138.708	 875.048	 22.402	 30.554	 14.898	 91.922	
-20°F	(20°F)-1	 323	 289662.855	 896.789	 25.74	 30.208	 15.849	 88.215	
-20°F	(20°F)-2	 358	 320521.146	 895.31	 28.409	 33.963	 16.441	 82.552	
-106°F	(20°F)-1	 465	 306172.644	 658.436	 27.198	 31.293	 15.199	 88.701	
-106°F	(20°F)-2	 657	 286126.66	 435.505	 25.406	 27.659	 14.326	 84.784	
	
10°F	(10°F)-1	 177	 242901.04	 1372.322	 21.609	 44.108	 21.235	 87.864	
10°F	(10°F)-2	 213	 320472.922	 1504.568	 28.392	 37.829	 18.078	 86.564	
0°F	(10°F)-1	 338	 314158.36	 929.463	 27.895	 36.966	 18.211	 87.686	
0°F	(10°F)-2	 297	 303817.477	 1022.954	 26.967	 38.422	 17.48	 89.34	
-20°F	(10°F)-1	 476	 303327.347	 637.242	 26.924	 30.319	 14.202	 87.394	
-20°F	(10°F)-2	 429	 344426.135	 802.858	 30.582	 31.155	 15.436	 84.129	
-106°F	(10°F)-1	 634	 394938.705	 622.932	 34.989	 30.45	 15.563	 92.326	
-10°F	6	(10°F)-2	 571	 352940.366	 618.109	 31.293	 32.28	 14.779	 86.583	
	
0°F	(0°F)-1	 152	 275779.871	 1814.341	 24.479	 32.894	 17.386	 81.385	
0°F	(0°F)-2	 205	 318286.049	 1552.615	 28.23	 32.363	 16.186	 87.243	
-20°F	(0°F)-1	 279	 313844.402	 1124.89	 27.803	 37.021	 16.446	 81.137	
-20°F	(0°F)-2	 229	 261044.104	 1139.931	 23.015	 40.577	 17.401	 86.512	
-106°F	(0°F)	-1	 604	 420081.183	 695.499	 37.215	 31.902	 15.77	 100.98	
-106°F	(0°F)-2	 648	 388742.356	 599.911	 34.412	 29.642	 15.545	 95.477	
	
-20°F	(-20°F)-1	 256	 389558.626	 1521.713	 34.33	 39.596	 19.25	 97.5	
-20°F	(-20°F)-2	 259	 418561.435	 1616.067	 36.915	 41.15	 18.804	 92.034	
-106°F	(-20°F)-1	 601	 274216.227	 456.267	 24.203	 29.812	 14.132	 84.876	
-106°F	(-20°F)-2	 631	 273922.368	 434.108	 24.212	 29.198	 14.427	 87.421	
	
-106°F	(-106°F)-1	 532	 371148.524	 697.648	 32.836	 33.112	 14.874	 77.812	
-106°F	(-106°F)-2	 458	 454961.141	 993.365	 40.246	 33.709	 15.513	 100.39	
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20°F (20°F)-1 150 165772.038 1105.147 14.775 35.311 14.06 91.213 
20°F (20°F)-2 184 212590.94 1155.386 18.855 36.239 15.124 82.182 
10°F (20°F)-1 140 131770.245 941.216 11.674 37.789 17.877 82.213 
10°F (20°F)-2 189 200583.82 1061.29 17.818 33.331 16.12 84.232 
0°F (20°F)-1 291 268642.525 923.17 23.792 30.105 15.449 96.403 
0°F (20°F)-2 287 251138.708 875.048 22.402 30.554 14.898 91.922 
-20°F (20°F)-1 323 289662.855 896.789 25.74 30.208 15.849 88.215 
-20°F (20°F)-2 358 320521.146 895.31 28.409 33.963 16.441 82.552 
-106°F (20°F)-1 465 306172.644 658.436 27.198 31.293 15.199 88.701 
-106°F (20°F)-2 657 286126.66 435.505 25.406 27.659 14.326 84.784 
 
10°F (10°F)-1 177 242901.04 1372.322 21.609 44.108 21.235 87.864 
10°F (10°F)-2 213 320472.922 1504.568 28.392 37.829 18.078 86.564 
0°F (10°F)-1 338 314158.36 929.463 27.895 36.966 18.211 87.686 
0°F (10°F)-2 297 303817.477 1022.954 26.967 38.422 17.48 89.34 
-20°F (10°F)-1 476 303327.347 637.242 26.924 30.319 14.202 87.394 
-20°F (10°F)-2 429 344426.135 802.858 30.582 31.155 15.436 84.129 
-106°F (10°F)-1 634 394938.705 622.932 34.989 30.45 15.563 92.326 
-10°F 6 (10°F)-2 571 352940.366 618.109 31.293 32.28 14.779 86.583 
 
0°F (0°F)-1 152 275779.871 1814.341 24.479 32.894 17.386 81.385 
0°F (0°F)-2 205 318286.049 1552.615 28.23 32.363 16.186 87.243 
-20°F (0°F)-1 279 313844.402 1124.89 27.803 37.021 16.446 81.137 
-20°F (0°F)-2 229 261044.104 1139.931 23.015 40.577 17.401 86.512 
-106°F (0°F) -1 604 420081.183 695.499 37.215 31.902 15.77 100.989 
-106°F (0°F)-2 648 388742.356 599.911 34.412 29.642 15.545 95.477 
 
-20°F (-20°F)-1 256 389558.626 1521.713 34.33 39.596 19.25 97.5 
-20°F (-20°F)-2 259 418561.435 1616.067 36.915 41.15 18.804 92.034 
-106°F (-20°F)-1 601 274216.227 456.267 24.203 29.812 14.132 84.876 
-106°F (-20°F)-2 631 273922.368 434.108 24.212 29.198 14.427 87.421 
 
-106°F (-106°F)-1 532 371148.524 697.648 32.836 33.112 14.874 77.812 
-106°F (-106°F)-2 458 454961.141 993.365 40.246 33.709 15.513 100.396 
Table B13: S-3400N micrograph surface pore analysis data for replication 2 
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20°F (20°F)-1 114 247763.827 2173.367 21.9 43.63 18.278 94.188 
20°F (20°F)-2 113 226893.291 2007.905 19.883 49.607 21.959 78.118 
10°F (20°F)-1 206 345878.86 1679.024 30.421 41.399 17.917 87.823 
10°F (20°F)-2 266 349449.78 1313.721 30.598 38.218 15.648 80.814 
0°F (20°F)-1 272 330006.618 1213.26 28.993 41.437 18.478 90.741 
0°F (20°F)-2 279 313546.525 1123.823 27.454 39.635 18.245 88.409 
-20°F (20°F)-1 365 298867.911 818.816 26.219 35.075 16.642 96.024 
-20°F (20°F)-2 435 362305.129 832.885 31.82 32.587 16.401 87.943 
-106°F (20°F)-1 746 376850.451 505.161 33.06 29.673 14.807 101.045 
-106°F (20°F)-2 549 406943.737 741.245 35.7 34.464 15.093 71.691 
 
10°F (10°F)-1 183 423672.412 2315.15 38.465 35.375 17.063 98.537 
10°F (10°F)-2 195 330495.015 1694.846 28.938 30.555 11.813 76.553 
0°F (10°F)-1 194 271013.669 1396.978 23.805 35.72 15.696 96.981 
0°F (10°F)-2 247 315546.84 1277.518 27.682 32.583 14.985 92.715 
-20°F (10°F)-1 350 338554.968 967.3 29.734 37.837 17.341 91.21 
-20°F (10°F)-2 351 363142.66 1034.594 31.904 38.189 17.184 92.26 
-106°F (10°F)-1 538 404730.559 752.287 35.518 34.701 17.027 88.972 
-10°F 6 (10°F)-2 533 417616.742 783.521 36.596 35.222 16.897 88.192 
 
0°F (0°F)-1 150 381457.85 2543.052 33.401 33.837 13.81 75.156 
0°F (0°F)-2 188 447123.156 2378.315 39.181 32.078 14.941 79.498 
-20°F (0°F)-1 316 448683.825 1419.886 39.375 36.704 17.642 83.87 
-20°F (0°F)-2 320 418190.678 1306.846 36.769 39.099 17.653 88.152 
-106°F (0°F) -1 386 243564.259 630.995 21.343 32.99 14.836 92.115 
-106°F (0°F)-2 393 240778.137 612.667 21.13 32.357 14.867 98.87 
 
-20°F (-20°F)-1 248 244062.723 984.124 21.556 37.1 17.161 90.369 
-20°F (-20°F)-2 223 281348.943 1261.654 24.794 42.63 18.167 94.104 
-106°F (-20°F)-1 482 247459.395 513.401 21.825 32.93 13.074 120.182 
-106°F (-20°F)-2 449 254754.377 567.382 22.468 30.831 12.858 110.5 
 
-106°F (-106°F)-1 383 280013.227 731.105 24.668 37.318 15.776 74.103 
-106°F (-106°F)-2 507 262230.417 517.22 23.109 32.207 15.133 92.992 
Table B14: S-3400N micrograph surface pore analysis data for replication 3 


















20°F (20°F)-1 74 483737.239 6536.99 43.18 77.964 35.633 73.778 
20°F (20°F)-2 75 480338.135 6404.508 42.78 73.728 34.475 60.227 
10°F (20°F)-1 32 471884.435 14746.389 42.06 106.68 56.276 81.823 
10°F (20°F)-2 16 321494.871 20093.429 28.601 140.307 76.1 106.602 
0°F (20°F)-1 40 291262.265 7281.557 25.961 68.638 33.735 75.12 
0°F (20°F)-2 44 286211.594 6504.809 25.571 65.305 36.027 86.965 
-20°F (20°F)-1 73 207195.261 2838.291 18.489 64.359 28.332 94.088 
-20°F (20°F)-2 72 137280.725 1906.677 12.25 44.047 22.416 102.135 
-106°F (20°F)-1 179 300939.712 1681.227 26.833 61.122 18.493 53.582 
-106°F (20°F)-2 257 320051.814 1245.338 28.473 50.524 18.193 68.536 
 
10°F (10°F)-1 12 354883.157 29573.596 31.44 150.742 87.89 66.168 
10°F (10°F)-2 7 417791.597 59684.514 36.972 297.406 146.072 116.682 
0°F (10°F)-1 51 268356.127 5261.885 23.775 68.504 35.958 78.498 
0°F (10°F)-2 49 282203.683 5759.259 24.974 65.378 33.37 88.27 
-20°F (10°F)-1 79 262860.409 3327.347 23.288 65.815 28.474 98.497 
-20°F (10°F)-2 67 240912.973 3595.716 21.377 64.478 29.301 92.494 
-106°F (10°F)-1 175 260771.963 1490.126 23.121 32.441 14.671 93.135 
-10°F 6 (10°F)-2 138 219805.79 1592.79 19.709 42.873 18.026 104.164 
 
0°F (0°F)-1 11 316997.743 28817.977 28.137 220.619 80.91 99.317 
0°F (0°F)-2 32 391380.861 12230.652 34.818 103.585 51.422 79.793 
-20°F (0°F)-1 70 93925.457 1341.792 8.286 60.03 12.602 91.271 
-20°F (0°F)-2 79 72511.481 917.867 6.39 59.887 10.209 95.361 
-106°F (0°F) -1 43 198349.628 4612.782 17.513 81.831 42.247 91.539 
-106°F (0°F)-2 45 207261.315 4605.807 18.279 89.51 46.623 82.299 
 
-20°F (-20°F)-1 246 289051.677 1175.007 25.715 44.106 17.271 82.871 
-20°F (-20°F)-2 262 257050.021 981.107 22.886 39.028 16.79 80.166 
-106°F (-20°F)-1 72 239650.195 3328.475 21.344 60.256 31.774 55.881 
-106°F (-20°F)-2 60 282995.56 4716.593 25.281 77.632 38.042 84.375 
 
-106°F (-106°F)-1 41 175993.834 4292.533 15.575 84.683 41.877 90.698 
-106°F (-106°F)-2 25 97838.325 3913.533 8.678 78.311 48.436 100.071 
Table B15: S-3400N micrograph core pore analysis data for replication 2 

















20°F (20°F)-1 16 296859.061 18553.691 26.269 153.65 61.986 90.426 
20°F (20°F)-2 19 317179.728 16693.67 28.014 154.294 91.029 64.605 
10°F (20°F)-1 30 339480.586 11316.02 30.076 120.725 58.111 99.989 
10°F (20°F)-2 27 434699.988 16100 38.512 116.201 56.116 81.54 
0°F (20°F)-1 30 178619.654 5953.988 15.837 91.968 50.798 116.855 
0°F (20°F)-2 39 270311.709 6931.069 23.921 61.791 29.895 72.67 
-20°F (20°F)-1 111 306238.581 2758.906 27.07 74.792 18.805 47.556 
-20°F (20°F)-2 149 312101.402 2094.64 27.641 69.382 17.44 46.223 
-106°F (20°F)-1 235 237803.916 1011.932 21.115 46.003 14.232 96.659 
-106°F (20°F)-2 200 260629.254 1303.146 23.064 48.994 15.401 97.866 
 
10°F (10°F)-1 18 292586.889 16254.827 25.95 121.433 63.009 89.304 
10°F (10°F)-2 18 309559.237 17197.735 27.446 212.464 67.141 103.318 
0°F (10°F)-1 26 218931.088 8420.426 19.513 97.3 56.845 84.664 
0°F (10°F)-2 33 256352.946 7768.271 22.813 95.272 50.89 97.943 
-20°F (10°F)-1 72 284054.945 3945.208 25.194 71.775 33.824 96.719 
-20°F (10°F)-2 82 301968.187 3682.539 26.752 67.709 35.042 90.596 
-106°F (10°F)-1 251 306921.61 1222.795 27.243 41.641 16.649 100.47 
-10°F 6 (10°F)-2 274 293636.032 1071.664 26.093 37.776 17.506 77.635 
 
0°F (0°F)-1 35 389309.138 11123.118 34.517 104.202 45.723 95.981 
0°F (0°F)-2 34 481254.123 14154.533 42.669 85.231 43.909 91.607 
-20°F (0°F)-1 65 431134.265 6632.835 38.281 76.104 40.619 97.09 
-20°F (0°F)-2 63 488647.364 7756.307 43.325 87.498 45.103 93.316 
-106°F (0°F) -1 40 223640.439 5591.011 19.88 100.09 50.072 103.467 
-106°F (0°F)-2 41 283913.217 6924.713 25.229 103.465 51.116 100.223 
 
-20°F (-20°F)-1 72 210905.022 2929.236 18.727 65.272 30.615 89.995 
-20°F (-20°F)-2 76 233115.236 3067.306 20.692 69.755 26.762 68.739 
-106°F (-20°F)-1 280 345313.878 1233.264 30.685 37.215 15.523 83.273 
-106°F (-20°F)-2 277 351686.507 1269.626 31.227 33.394 14.5 96.227 
 
-106°F (-106°F)-1 186 350750.541 1885.756 31.109 42.884 19.411 99.661 
-106°F (-106°F)-2 298 332682.784 1116.385 29.629 37.857 15.102 92.418 
Table B16: S-3400N micrograph core pore analysis data for replication  
 







Deviation Minimum Maximum 
 20°F (20°F) 24.44 A 2.5156113 22.57 27.3 
 10°F (20°F) 5.92 B 0.2657693 5.67 6.2 
 0°F (20°F) 3.26 C 0.3109662 2.92 3.53 
 -20°F (20°F) 2.8 C 0.5688878 2.27 3.4 
 -106°F (20°F) 0.71 D 0.0264575 0.68 0.73 
            
 10°F (10°F) 9.88 A 0.6047589 9.37 10.55 
 0°F (10°F) 3.92 B 0.363639 3.5 4.17 
 -20°F (10°F) 3.12 B 0.588246 2.62 3.77 
 -106°F (10°F) 0.85 C 0.043589 0.82 0.9 
            
 0°F (0°F) 7.09 A 1.7107406 5.88 9.05 
 -20°F (0°F) 3.49 B 0.6385139 2.92 4.18 
 -106°F (0°F) 0.92 C 0.0152753 0.9 0.93 
            
 -20°F (-20°F) 6.55 A 1.7110328 4.67 8.02 
 -106°F (-20°F) 1.05 B 0.0251661 1.02 1.07 
            
 -106°F (-106°F) 2.16   0.1258306 2.03 2.28 
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Treatment  Percent Weight Loss Standard Deviation Minimum Maximum 
 20°F (20°F) 5.95% 0.0989949 0.0588 0.0602 
 10°F (20°F) 5.87% 0.4596194 0.0555 0.062 
 0°F (20°F) 4.90% 0.417193 0.046 0.0519 
 -20°F (20°F) 5.45% 0.3889087 0.0518 0.0573 
 -106°F (20°F) 4.43% 0.2828427 0.0423 0.0463 
          
 10°F (10°F) 5.72% 0.7636753 0.0518 0.0626 
 0°F (10°F) 5.04% 0.2333452 0.0488 0.0521 
 -20°F (10°F) 5.51% 0.4101219 0.0522 0.058 
 -106°F (10°F) 5.48% 0.6717514 0.05 0.0595 
          
 0°F (0°F) 5.68% 0.212132 0.0553 0.0583 
 -20°F (0°F) 5.76% 0.6646804 0.0529 0.0623 
 -106°F (0°F) 5.68% 1.0040916 0.0497 0.0639 
          
 -20°F (-20°F) 5.55% 1.0040916 0.0484 0.0626 
 -106°F (-20°F) 6.05% 1.8596908 0.0474 0.0737 
          
 -106°F (-106°F) 5.56% 1.2091526 0.047 0.0641 
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Deviation Minimum Maximum 
 20°F (20°F) 45.4 D 3.1085902 41.8 47.5 
 10°F (20°F) 48.4 C 2.2854613 45.8 49.9 
 0°F (20°F) 49.6 B 1.1718931 48.2 50.4 
 -20°F (20°F) 51 BC 1.040833 49.8 51.8 
 -106°F (20°F) 55.6 A 1.8556221 53.8 57.5 
            
 10°F (10°F) 49.5 C 0.8888194 48.5 50.2 
 0°F (10°F) 51.6 BC 0.2309401 51.3 51.7 
 -20°F (10°F) 52.8 B 2.0526406 50.5 54.5 
 -106°F (10°F) 58.3 A 2.0744477 56.1 60.2 
            
 0°F (0°F) 54.2 C 0.7 53.4 54.7 
 -20°F (0°F) 57.2 B 0.7571878 56.3 57.7 
 -106°F (0°F) 60.7 A 0.9539392 59.8 61.7 
            
 -20°F (-20°F) 59.6 B 1.761628 57.7 61.1 
 -106°F (-20°F) 64.1 A 1.474223 62.5 65.3 
            
 -106°F (-106°F) 69.1   1.6623277 67.3 70.6 
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Deviation Minimum Maximum 
 20°F (20°F) 22.4 A 2.306512 3.6 8 
 10°F (20°F) 19.2 B 1.2013881 1.1 3.5 
 0°F (20°F) 18.1 C 0.3511885 1.7 2.4 
 -20°F (20°F) 16.7 C 1.5275252 0.8 3.8 
 -106°F (20°F) 12.4 D 2.4501701 4.7 9.6 
            
 10°F (10°F) 18.3 A 0.5859465 2 3.1 
 0°F (10°F) 15.9 A 1.5143756 2.1 4.9 
 -20°F (10°F) 14.8 B 1.6165808 2.1 5.3 
 -106°F (10°F) 10.4 C 2.007486 8.4 12.4 
            
 0°F (0°F) 13.4 A 1.0016653 4.2 6.2 
 -20°F (0°F) 10.5 B 1.1015141 7.1 9.1 
 -106°F (0°F) 8.7 C 1.3114877 11.6 14.2 
            
 -20°F (-20°F) 8.1 A 1.9347696 8.6 12 
 -106°F (-20°F) 5.2 B 1.5947832 13.8 16.7 
            
 -106°F (-106°F) 
 
  1.7559423 18.2 21.7 
Table B20: Statistical analysis data for average color difference between the -106°F(-
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Treatment 





Deviation Minimum Maximum 
 20°F (20°F) 115.2 A 46.8888757 64 184 
 10°F (20°F) 192.5 B 42.4157989 140 266 
 0°F (20°F) 257 BC 39.7240481 203 291 
 -20°F (20°F) 353.7 C 44.693027 314 435 
 -106°F (20°F) 570.4 C 108.7633517 465 746 
            
 10°F (10°F) 165.7 A 42.6833301 109 213 
 0°F (10°F) 238.8 B 67.5201205 168 338 
 -20°F (10°F) 408.8 BC 59.0911725 350 476 
 -106°F (10°F) 561.3 C 40.8493166 522 634 
            
 0°F (0°F) 165.2 A 32.4925633 115 205 
 -20°F (0°F) 317.3 B 74.949761 229 454 
 -106°F (0°F) 515.8 B 109.0952183 386 648 
            
 -20°F (-20°F) 245.3 A 13.5302131 223 259 
 -106°F (-20°F) 514 B 80.8108904 446 631 
            
 -106°F (-106°F) 488.5   58.3669427 383 532 
Table B21: Statistical analysis data for the average total number of surface pores in 
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Treatment  





Deviation Minimum Maximum 
 20°F (20°F) 2669.3 A 1707.41 1105.1 5092 
 10°F (20°F) 1521 B 494.7251354 941.2 2153.7 
 0°F (20°F) 1251.6 BC 360.4344843 875 1723 
 -20°F (20°F) 920.1 C 99.7191689 818.816 1074.3 
 -106°F (20°F) 686.9 D 191.2394817 435.5 891.1 
            
 10°F (10°F) 2259.1 A 895.5687748 1372.3 3441.6 
 0°F (10°F) 1273.6 BC 297.0862046 929.5 1767.7 
 -20°F (10°F) 913.9 CD 161.5801669 637.2 1047 
 -106°F (10°F) 668.6 D 89.2279667 547.7 783.521 
            
 0°F (0°F) 2162.4 A 454.1304109 1552.6 2718.2 
 -20°F (0°F) 1224.3 BC 130.6858335 1080 1419.89 
 -106°F (0°F) 648.9 C 59.5506639 599.9 747.7 
            
 -20°F (-20°F) 1384.1 A 244.2594491 223 259 
 -106°F (-20°F) 578.2 B 140.2361212 434.1 751.4 
            
 -106°F (-106°F) 683.9   172.2517238 517.22 993.4 
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 Treatment 





Deviation Minimum Maximum 
 20°F (20°F) 46 B 32.934278 16 75 
 10°F (20°F) 26.25 B 7.1355915 16 32 
 0°F (20°F) 38.25 B 5.9090326 30 44 
 -20°F (20°F) 101.25 B 36.6458274 72 149 
 -106°F (20°F) 217.75 A 34.9034382 179 257 
            
 10°F (10°F) 13.75 B 5.3150729 7 18 
 0°F (10°F) 39.75 B 12.2031417 26 51 
 -20°F (10°F) 75 B 6.78233 67 82 
 -106°F (10°F) 209.5 A 63.7312064 138 274 
            
 0°F (0°F) 28 A 11.4017543 11 35 
 -20°F (0°F) 69.25 A 7.1355915 63 79 
 -106°F (0°F) 42.25 A 2.2173558 40 45 
            
 -20°F (-20°F) 164 A 104.1409302 72 262 
 -106°F (-20°F) 172.25 A 122.7908113 25 298 
            
 -106°F (-106°F) 137.5   129.2039731 25 298 
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Treatment  





Deviation Minimum Maximum 
 20°F (20°F) 12047 AB 6483.99 6404.51 18553.69 
 10°F (20°F) 15564 A 3629.36 11316.02 20093.43 
 0°F (20°F) 6668 B 572.1601892 5953.99 7281.56 
 -20°F (20°F) 2400 B 468.1610397 1906.68 2838.29 
 -106°F (20°F) 1310 B 277.4175522 1011.93 1681.23 
            
 10°F (10°F) 30678 A 20267.73 16254.83 59684.51 
 0°F (10°F) 6802 B 1528.86 5261.89 8420.43 
 -20°F (10°F) 3638 B 254.7242606 3327.35 3945.21 
 -106°F (10°F) 1344 B 239.517813 1071.66 1592.79 
            
 0°F (0°F) 16582 A 8253.19 11123.12 28817.98 
 -20°F (0°F) 4162 B 3535.63 917.867 7756.31 
 -106°F (0°F) 5434 B 1096.54 4605.81 6924.71 
            
 -20°F (-20°F) 2038 A 1112.89 981.107 3067.31 
 -106°F (-20°F) 2637 A 1697.35 1233.26 4716.59 
            
 -106°F (-106°F) 2802   1542.51 1116.39 4292.53 




























































Table B25: Freeze loss T-test.  A-E mean with different letters for samples frozen to the 





Means with the same letter are not 
significantly different. 
t Grouping Mean N Sample 
  A  1.0233 3 1010 
B  A  0.9433 3 2020 
B  A C 0.8467 3 00 
B  A C 0.8200 3 1020 
B  A C 0.7800 3 -20-20 
B D A C 0.7600 3 -200 
B D  C 0.7167 3 -2010 
B D  C 0.7100 3 010 
B D E C 0.7033 3 020 
 D E C 0.6367 3 -106-
20 
 D E C 0.6333 3 -10610 
 D E C 0.5900 3 -2020 
 D E C 0.5667 3 -106-
106 
 D E  0.4733 3 -1060 
  E  0.4133 3 -10620 
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Table A26: Thaw loss T-test.  A-E mean with different letters for samples frozen to 
the same core temperature are significantly different (p<0.05, n=3) 
 
Means with the same letter are not 
significantly different. 
t Grouping Mean N Sample 
   A  1.2067 3 1010 
 B  A  1.1733 3 2020 
 B  A C 1.0667 3 1020 
 B D A C 0.9400 3 -2020 
 B D A C 0.8300 3 020 
E B D A C 0.8100 3 010 
E B D A C 0.7700 3 -10620 
E B D A C 0.7567 3 -1060 
E B D  C 0.7267 3 -2010 
E  D  C 0.6300 3 -10610 
E  D  C 0.6167 3 00 
E  D  C 0.6167 3 -20-20 
E  D   0.5633 3 -200 
E  D   0.5300 3 -106-20 
E     0.3533 3 -106-
106 
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Figure B1: Temperature pull down rate data for the (-7°C)20°F freezer unit 
 
 
Figure B2: Temperature pull down rate data for the -12°C(10°F) freezer unit 
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Figure B3: Temperature pull down rate data for the -18°C(0°F) freezer unit 
 
Figure B4:  Temperature pull down rate data for the -29°C(-20°F) unit 
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 Figure B5: Maximum force (N) readings from replication 1 and 2 using Muellenet-
Owens razor shear blade methods 
20(20) corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -7°C(20°F).  
10(20) corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -7°C(20°F). 
0(20) corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -7°C(20°F). 
-106(20) corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -7°C(20°F). 
10(10) corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -12°C(10°F). 
0(10) corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
-20(10) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -12°C(10°F).  
 -106(10) corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -12°C(10°F).  
 0(0) corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F). 
-20(0) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -18°C(0°F).   
-106(0) corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --29°C(-20°F).  
 -106(-20) corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-20°F). 
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Figure B6: Maximum force (N) readings from replication 2 using Warning Bratzler shear 
force analysis    
20(20) corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -7°C(20°F).  
10(20) corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -7°C(20°F). 
0(20) corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -7°C(20°F). 
-106(20) corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -7°C(20°F). 
10(10) corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -12°C(10°F). 
0(10) corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -12°C(10°F).   
-20(10) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -12°C(10°F).  
 -106(10) corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -12°C(10°F).  
 0(0) corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F). 
-20(0) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -18°C(0°F).   
-106(0) corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --29°C(-20°F).  
 -106(-20) corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -29°C(-20°F). 
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Figure B8: Average number of surface pores for each treatment frozen at the same 
freezing rate to different core temperatures. 
20(20) +/-46.9 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F).  
10(20) +/-42.4 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
0(20) +/-39.7 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -7°C(20°F). 
-20(20) +/-44.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
-106(20) +/-108.8 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F). 
10(10) +/-42.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F). 
0(10) +/-67.5 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F).   
-20(10) +/-59.1 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F).  
 -106(10) +/-40.8 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F).  
 0(0) +/-32.5 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F). 
-20(0) +/-74.9 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-109.1 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).   
-20(-20) +/-13.5 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of --
29°C(-20°F).  
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 -106(-106) +/-58.4 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
A-B. Treatments with different letters are significantly different (P≤0.05). n=6. 
 
Figure B9: Average pore size for each treatment frozen at the same freezing rate to 
different core temperatures (p<0.05, n=6). 
20(20) +/-1707.4 corresponds to a treatment frozen at in the -7°C(20°F) unit to a core temperature of -
7°C(20°F). 
10(20) +/-494.7 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
7°C(20°F). 
 0(20) +/-360.4 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -
7°C(20°F). 
  -20(20) +/-99.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
7°C(20°F). 
 -106(20) +/-191.2 corresponds to a treatment frozen in the -77°C(-106°F) to a core temperature of -
7°C(20°F).   
10(10) +/-895.6 corresponds to a treatment frozen in the -12°C(10°F) unit to a core temperature of -
12°C(10°F).    
0(10) +/-297.1 corresponds to a treatment frozen in the -18°C(0°F)  unit to a core temperature of -
12°C(10°F). 
-20(10) +/-161.6 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
12°C(10°F). 
 -106(10) +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) unit to a core temperature of -
12°C(10°F). 
 0(0) +/-454.1 corresponds to a treatment frozen in the -18°C(0°F) unit to a core temperature of -18°C(0°F).     
-20(0) +/-130.7 corresponds to a treatment frozen in the -29°C(-20°F) unit to a core temperature of -
18°C(0°F).   
-106(0) +/-89.2 corresponds to a sample frozen in the -77°C(-106°F) to a core temperature of -18°C(0°F).     




























-106°F Freezing Rate 
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 -106(-20) +/-140.2 corresponds to a sample frozen in the -77°C(-106°F)  unit to a core temperature of -
29°C(-20°F). 
 -106(-106) +/-172.3 corresponds to a treatment frozen in the -77°C(-106°F) unit to a core temperature of -
77°C(-106°F).  
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Appendix C 
S3400N Micrograph Images: Replication 2 of the Short Term Freezer Project of Atlantic 
Salmon 
 
Figure C1: Sample 10°F(10°F) 
 
Figure C2: Sample 0°F(10°F) 
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Figure C3: Sample -20°F(10°F) 
 
Figure C4: Sample -106°F(10°F) 
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Figure C5: Sample 0°F(0°F) 
 
 
Figure C6: Sample -20°F(0°F) 
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Figure C7: Sample -106°F(0°F) 
 
 
Figure C8: Sample -20°F(-20°F) 
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Figure C9: Sample -106°F(-20°F) 
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Appendix D 
Refrigeration Weight and Sensory Analysis 
 
Sample Day 7 Day 9 Day 11 Day 14 
1 -14.77% -18.86% -23.79%  
2 -9.27% -12.26% -16.43%  
3 -7.22% -9.69% -12.89%  
4 -7.92% -9.84% -12.66% -16.40% 
5 -10.29% -13.19% -17.04%  
6 -12.48% -16.22% -21.36%  
7 -13.72% -18.07% -21.59%  
Table D1: Daily percent weight loss for mushroom samples from day 7, 9, 11, and 14 
   
Sample Day 7 Day 9 Day 11 Day 14 Day 16 
1 -7.86% -10.15% -12.35% -15.62%  
2 -6.35% -8.17% -9.97% -12.28%  
3 -5.09% -6.81% -8.38% -10.07% -11.84% 
4 -2.10% -3.00% -3.88% -5.58%  
5 -6.37% -8.46% -10.56% -13.85%  
6 -7.71% -10.05% -12.64% -16.33% -19.06% 
7 -6.18% -8.29% -10.46% -13.53%  
Table D2: Daily percent weight loss from strawberry samples from day 7, 9, 11, 14, and 
16 
 
Sample Day 7 Day 9 Day 11 Day 14 Day 16 Day 18 Day 21 Day 23 
1 -13.17% -15.12% -17.64% -20.82% -23.37% -25.80%   
2 -6.02% -7.45% -9.54% -12.78% -15.51% -18.12%   
3 -7.38% -8.75% -10.70% -13.08% -14.73% -16.97% -23.14%  
4 -4.83% -5.87% -8.03% -10.89% -13.30% -15.71% -22.49% -23.79% 
5 -9.68% -11.45% -13.96% -17.52% -20.17% -22.81% -30.14%  
6 -9.22% -10.93% -13.33% -16.59% -18.72%    
7 -7.06% -10.23% -10.53% -13.18% -14.98% -17.21% -23.65%  
Table D3: Daily percent weight loss from lettuce samples from day 7, 9, 11, 14, 16, 18, 
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		 Day	7	 Day	9	 Day	11	 Day	14	
Sample/Score	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	
1	 7 11 11 4 10 4 0 6 7 
   2	 13 6 1 6 10 2 1 3 9 
   3	 9 10 2 4 10 4 0 4 9 0 3 14 
4	 19 2 0 7 10 1 2 7 4 
   5	 11 8 2 5 9 4 0 6 7 
   6	 8 10 3 4 7 7 0 3 10 
   7	 13 4 4 5 8 5 0 5 8 
   Table D4: Sensory panel analysis scoring for mushrooms on day 7, 9, 11, and 14 
 
		 Day	7		 Day	9	 Day	11	 Day	14	 Day	16	
Sample/Score	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	
1	 5 14 2 1 16 1 0 10 3 0 3 14 
   
2	 10 11 0 6 10 2 0 10 3 0 5 12 
   
3	 7 14 0 5 11 2 4 9 0 0 13 4 0 3 14 
4	 21 0 0 8 9 1 1 6 6 1 3 13 
   
5	 1 10 10 1 9 8 1 4 8 0 0 0 
   
6	 9 12 0 3 14 1 1 8 4 0 9 8 0 1 16 
7	 13 5 3 3 8 7 2 5 6 0 6 11 
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	 Day	7	 Day	9	 Day	11	 Day	14	 Day	16	 Day	18	 Day	21	 Day	23	
Sample/	
Score	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	 1	 3	 5	
1	 18	 3	 0	 8	 10	 0	 4	 8	 1	 1	 15	 2	 0	 9	 8	 0	 5	 13	 	 	 	 	 	 	
2	 17	 4	 0	 8	 9	 1	 5	 8	 0	 1	 15	 2	 0	 13	 4	 0	 5	 13	 	 	 	 	 	 	
3	 21	 0	 0	 16	 2	 0	 10	 3	 0	 11	 7	 0	 5	 11	 1	 3	 12	 3	 9	 10	 9	 	 	 	
4	 20	 1	 0	 17	 1	 0	 11	 2	 0	 11	 7	 0	 6	 9	 2	 2	 14	 2	 10	 9	 10	 0	 6	 9	
5	 18	 3	 0	 13	 5	 0	 4	 8	 1	 3	 13	 2	 1	 10	 6	 0	 8	 10	 1	 18	 1	 	 	 	
6	 19	 2	 0	 14	 4	 0	 6	 7	 0	 2	 11	 5	 0	 8	 9	 	 	 	 	 	 	 	 	 	
7	 20	 1	 0	 16	 2	 0	 12	 1	 0	 7	 10	 1	 2	 12	 3	 4	 9	 5	 3	 16	 3	 	 	 	
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Figure D1: Crisper unit set up in normal units for Samsung and Frigidaire models 
 
 
Figure D2: Crisper unit set up for the Samsung convertible drawer 
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Appendix E 
 
 Core ice crystal pore analysis requires delicate sample preparation.  Once freeze 
dried samples are ready for microscopy, a copper plate with a thin cutter, stainless steel 
razor, or other thin razor blade should be used to carefully cut samples in half (Chevalier, 
2000, Syamaladevi, 2012, Woinet, 1998).  Samples have also been cut into 2-3mm slices 
before analysis (Syamaladevi, 2012).  Future analysis methods should include the use of 
a microtome knife, so to preserve the integrity of the ice crystal pore left behind after 
freeze-drying (Mohammed, 2012).   
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